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Chapter 1 
IwrRöPUCTIöN 
1.1 Cj/íocktomec 
1.1.1 B-wlog-Lcal Kolt. o(¡ cytochiomz с 
The biological role of cytochrome c, expounded in Figure 1, is that 
of an electron-carrying shuttle between two macromolecular complexes in 
the inner membrane of the mitochondrion. 
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F^g. / The structure of the mitochondrial respiratory electron trans­
port chain. Values in millivolts are standard (pH 7) reduction 
potentials for the indicated compounds 
At the beginning of the respiratory chain NADH and succinate, formed in 
the interior of the mitochondrion are oxidized by the flavoproteins of 
Complexes I and II, respectively. These Complexes pass their reducing 
equivalents to a common carrier, coenzyme Q, which in turn reduces the 
b-type cytochromes of Complex III. These cytochromes reduce cytochrome C!, 
present in the same complex, and the reducing electrons are passed to a 
more mobile, small protein molecule, cytochrome с This molecule reduces 
cytochrome a of Complex IV Electrons are then passed from cytochrome a 
to cytochrome ä3, and are finally used to reduce O2 to water, complet-
ing the respiratory chain. Three large drops in free energy or increases 
in reduction potential occur at Complexes I, III and IV, and the free 
energy released is utilized to synthesize ATP According to Wilson and 
coworkers (1972), the shuttles, coenzyme Q and cytochrome c, are each 
roughly equipotential with their respective reductants and oxidants, 
and almost all free energy released within Complexes I, III and IV, is 
1 
employed to ATP synthesis. 
The probable locations of the components of the respiratory chain are 
shown in Figure 2. The mitochondrion is surrounded by two membranes. Re-
oxidation of NADH and succinate, and reduction of O2, take place at the 
inner surface of the inner membrane, and cytochrome с is found on the 
outer surface of this membrane (Racker г£ at, 1971; Bennett, 1973). The 
mobi l i ty of cytochrome с in the eukaryotic electron transport chain has 
been reviewed by Swanson eX at (1982). 
Ftg. Ζ Possible spatial arrange­
ment of components of the 
respiratory chain in the inner 
mitochondrial membrane. Adapted 
from Bennett (1973) 
Even though the three-dimensional structure of the molecule has been 
worked out by X-ray d i f f r a c t i o n methods (Takano and Dickerson, 1981a,b), 
the actual pathway of the electron to the heme-i ron and i t s way out of the mol­
ecule remained a source of controversy for many years. 
1.1.2 PrwpznJUeA od суіосНлотг с 
Since Kei l in obtained cytochrome с for the f i r s t time in 1930 in crude 
form from Delft yeast, a large amount of information about this protein 
has accumulated. 
Mitochondrial cytochrome с is a small mono-heme protein (molecular 
weight ^12,000), containing 103-111 amino acids (Lemberg and Barrett , 
1973; Dickerson and Timkovich, 1975; Moore it al, 1982), that transfers 
electrons from cytochrome с reductase to cytochrome с oxidase in the mi­
tochondrial respiratory chain (c(i Section 1.1.1). The protein occurs 
in two stable oxidation states, the paramagnetic f e r r i cytochrome с 
(S=J) and the diamagnetic ferrocytochrome c, with a mid-point redox 
2 
potential at pH 7.0 of 260 ± 10 mV. Ferri cytochrome с is stable over 
the pH range 4 to 8 at 25 0C, and to temperatures up to 60 °C at pH 6. 
Ferrocytochrome с is even more stable (Butt and Keilin, 1962; Takano 
and Dickerson, 1981a,b). 
The amino acid sequences of over 80 eukaryotic cytochromes с are 
known to date (Dickerson and Timkovich, 1975; Ferguson-Miller e-t ai, 
1979). Comparison of these sequences reveals the presence of 23 com­
pletely invariant and a number of highly conserved residues. The physi­
cal properties have been thoroughly investigated (Margoliash and 
Schejter, 1966). The sequence of horse cytochrome c, studied in this 
work was determined in 1961 (Margoliash and Smith, 1961) and is shown 
in Figure 3. 
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F-tg. 3 Amino acid sequence of horse cytochrome с 
The protein contains nineteen lysyl and two arginyl residues. These resi­
dues give the protein a basic character, since there are only nine glu­
tamyl, three aspartyl and two heme propionic acid residues to counter­
balance them. The prosthetic group in cytochrome с is protoporphyrin, 
in which the vinyl side chains are linked to two cysteine residues of 
the protein chain via thioether bonds. This arrangement is referred to 
as heme (Figure 4). 
The characteristic hemochrome spectrum of a cytochrome с was first 
described quantitatively by Dixon et αϊ (1931). A complete quantitative 
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F-tg 4 Heme с, the prosthetic group 
in cytochrome с The four pyr­
role rings are numbered I to IV, the 
peripheral B-positions 1 to 8, and 
the four methine protons a to 6. The 
attachment to the protein is by two 
th io ether bonds to Cys11* and Cys l 7 
record of the spectrum of horse cytochrome с is given by Margoliash and 
Frohwirt (1959), (see also Kei l in and Slater, 1953, Butt and K e i l i n , 
1962). The UV- and v i s i b l e spectrum of horse cytochrome с in the re­
duced state (Figure 5) shows three character ist ic bands, an α-band at 
550 nm, a ß-band at 521 nm and a Soret (γ) band at 415 nm. In the ox i­
dized form the Soret peak is shifted to 409 nm and a weak absorption 
at 695 nm can be detected 
¿50 550 
wovelenglh m nm 
F-tg. 5 UV-visible absorption spectra of oxidized and reduced horse heart 
cytochrome с 
1 1.3 ТІче.і>(іипе.ііі4.опаІ i t tucíote od cutcLi -eme с 
Since the f i r s t threedimensional structure determination of horse 
cytochrome с in 1971 by Oickerson tat (1971), several other cytochrome с 
structures have been studied. Among these are the structures of the oxi­
dized (2 8 8 resolution) and reduced (2 3 A resolution) forms of bonito 
cytochrome с (Ashida et at, 1973, Tanaka ef a£, 1975, "latsuura i f ai, 
1979), both the oxidized and reduced form of tuna cytochrome с at 2 0 8 
resolution ( Swans on et al, 1977, Takanoefcí, 1977, MandeUtaí , 1977) 
and refined at 1 8 Ä and 1.5 8, respectively (Takano and Dickerson, 
1980, 1981a,b). 
Al l these structures show a str ik ing s imi la r i t y in the overall f o l -
ding pattern of the polypeptide chain, schematically represented in Fig-
ure 6, potwithstandinq the fundamental differences in the electron trans-
port chains in which they function (e β eukaryotic versus prokaryotic) 
indicating that small structural differences may exert important func­
t ional differences (Dickerson ef at, 1976, Sálenme, 1977). 
f-iq 6 Ribbon diaoram showing 
the fol ding of the pro-
tein around the heme group in 
mitochondrial cytochrome с 
(tuna cytochrome c, after Sá-
lenme, 1977) 
In mitochondrial cytochrome с (Figure 6) the heme nroup occurs bur­
ied in a hydrophobic cavity of the protein moiety and is exposed to 
the surroundings only along an edge containing pyrrole ring I I and the 
ß-methine proton of the heme (see Figure 4 for the r ing numbering). The 
polyoeptide chain covers the heme group and gives i t a hydrophobic envi-
ronment. The r ight side of the molecule is formed by an i n i t i a l a-helix 
(residues 1-12), a short bend in which the heme is bound covalently to 
the sulfur atoms of Cys11* and C y s r , H is 1 8 , which is an axial liaand of 
the iron atom of the heme moiety, and the following amnoacyl residues 
5 
upto Pro 3 0 . A loop of about 30 anino acyl residues (upto Trp 5 9 ) const i­
tutes the bottom of this closed structure. The l e f t side of the mole­
cule contains the two methionyl residues 65 and 00, the l a t t e r const i tu­
t ing the other axial iron l igand, and forms the junction to the other, 
greater o-helical fragment, which terminates the sequence at the back 
side. 
Most of the conserved groups are those which attach to the heme, the 
hydrophobic residues packed around the heme, certain key glycines occu­
pying bend positions in the molecule, aromatic r ings, lysines maintain­
ing surface charge d i s t r i b u t i o n , and the two invariant arginines 
(Dickerson and Timkovich, 1975). 
The hydrophobic cavity causes a constant redox potential of about 260 
mV (Kassner, 1972,1973). Hydrogen bonds provided by internal ly located 
invariant or highly conserved residues ( A r g 3 S , Asn5 2 and Thr7 9 and the 
heme propionic acids) may help to ensure that the heme crevice remains 
closed for solvents molecules, thus maintaining the highly hydrophobic 
i n t e r i o r and hence the high redox potential (Stellwagen, 1978; Schleu­
der and Kassner, 1979). This is plausible since model heme complexes 
equipped with physiological l igands, which do not enclose the heme, 
operate at a potential of -5 mV (Timkovich, 1979). Chemical modifica­
t ion of the heme propionate of tuna cytochrome с with a water-soluble 
carbodi-imide (Timkovich, 1980) is also attended with a decrease of the 
redox potential to 105 mV. The structural i n t e g r i t y of the inner part 
of the heme crevice and the degree of dissociation of one of the heme 
propionic acids, located in that region, appear to be important too 
in governing the redox potential (Myer et al, 1979; Moore eí al, 1980; 
Boon, 1981; Ten Kortenaar, 1983). 
Aromatic side chains occur in c lusters, viz Phe10 and Tyr97 at the 
upper side at the back of the molecule in the so-called ' r i gh t channel' ; 
Т у г
7 ц
, Tyr 6 7 and Trp 5 9 at the l e f t side in the ' l e f t channel', and Phe^ 
and Tyr1*9 at the bottom of the molecule. The invariant Phe82 is wi th in 
the heme crevice. The invariant aromatic pair provided by Phe10 and Tyr 9 7 
might serve as an anchor for the correct positioning of the N-terminal 
and C-terminal α-helices with regard to each other (Eley eí al, 1982). 
The role of the other aromatic clusters is undoubtedly connected with 
the maintenance of the te r t ia ry structure of the molecule and with the 
tuning of the redox potential (Dickerson and Timkovich, 1975; Boon, 
1981; Ten Kortenaar, 1983). 
The X-ray structures of ferro- and f e r r i cytochrome с from tuna, re-
fined at 1.5 8 and 1.8 A resolution, respectively (Takano and Dickerson, 
1980, 1981a,b) show small but significant conformational differences, 
especially on the Met 8 0 site of the heme crevice, and in the region cov­
ered by the 'bottom' amino acids (40-60). The heme in fern'cytochrome с 
is 0.15 A further out of its crevice, and a buried water molecule is 
shifted closer to the heme iron, creating a less hydrophobic heme en­
vironment (Takano and Dickerson, 1982). A shift of Asns'', hydrogen-bon­
ded to this water molecule, weakens the bottom of the structure in the 
oxidized form. The ferri cytochrome molecular conformation is particular­
ly favourable for electron release and a higher positive charge at the 
heme iron. 
On the other hand, in the ferrocytochrome conformation, the less ex­
posed heme and stronger hydrophobic character of the heme crevice as a 
consequence of the larger distance between the heme iron and the water 
molecule should give the reduced form a higher reduction potential. This 
conformation favours retention of the electron by the heme. 
1.1.4 EiecXton ілат^ел by суіосЬлотг с 
The structural homologies between different cytochromes с have been 
discussed at length by Dickerson and Timkovich (1975), Dickerson it at 
(1976), Salerme (1977) and Timkovich (1979). The major implication is 
that an unified mechanism of electron transfer must exist at some level. 
Two early proposals, the Dickerson-Winfieldmechanism (Takano ttaX, 1973; 
Dickerson, 1974) and the mechanism proposed by Sal emme e-ta£ ( 1973a,b) assumed the 
involvement of specific amino acid residues in the electron transfer 
process. Both mechanisms were abandoned, since the crucial amino acid 
residues did not appear to be indispensable (Boon, 1981). 
Extensive chemical modification studies have shown that 7 or 8 high-
ly conserved lysine residues immediately surrounding the heme crevice 
of cytochrome с are important to the interaction with both the cyto­
chrome bcj complex (cytochrome reductase) (Ahmed ef αϊ, 1978; Speck it 
ai, 1979; Stonehuerner ei at, 1985) and cytochrome oxidase (Smith et at, 
1977; Staudenmayer ci al, 1977; Brautigan it at, 1978a,b; Ferguson-
Miller et al, 1978; Rieder and Bosshard, 1978,1980; Boonefoí, 1979b, 
1981). The same group of lysine residues is also involved in the inter-
action with cytochrome с peri oxidase (Kang et al, 1978; Smith and Mil-
lett, 1980; Waldmeyer and Brosshard, 1985; Bechtold and Bosshard, 1985), 
cytochrome b 5 (Stonehuerner et at, 1979), sulfite oxidase (№ebbefa£, 
1980; Speck et at, 1981) and adrenodoxin (Geren and Millett, 1981). 
7 
The binding domain on cytochrome c, as defined by these charges, appears 
to be at the upper f ront of the heme crevice (Margoliash, 1977; Ferguson-
Mi l le r e i cut, 1978, Osheroff it al, 1980) This area is centered around 
the point at which the positive end of the dioole axis of the protein 
reaches the surface, ¿.e near the B-carbon of Phe82. This interact ion 
domain for cytochrome oxidase was found to contain lysines 13, 72, 86 
and 27 and most i f not a l l of the edge of the heme prosthetic group ex-
posed on the f ront surface of the protein. Such a local izat ion indicates 
that electron transfer occurs ш the heme edge, and that e lectrostat ic 
factors serve to al ign cytochrome с and cytochrome oxidase in the prod­
uct ive, high a f f i n i t y complex 
Hypothetical complexes constructed by computation from cytochrome с 
and cytochrome bs (Salemme, 1976,1977) of cytochrome с with cytochrome с 
peroxidase (Poulos and Kraut, 1980) as well as from cytochrome с with 
flavodoxin (Weber and T o l l i n , 1985) revealed the p o s s i b i l i t y of the oc­
currence of functional hydrogen-bonds between the anmomum groups of 
lysines 13, 27, 72, 86 and 87 and d i s t i n c t carboxylate residues (COO") 
on the surface of the other protein. Experimental support for the oc­
currence of these predicted complexes was found in cross-linking stud­
ies of cytochrome с with cytochrome oxidase ( M i l l e t t et at, 1982, Bisson 
and Montecucco, 1982, M i l l e t t et al, 1983) and with cytochrome с peroxi­
dase (Bisson and Capaldi, 1981, Waldmeyer e-f at, 1982, Waldmeyer and 
Bosshard, 1985, Bechtold and Bosshard, 1985) 
These investigations indicate the occurrence of binding sites for 
cytochrome с on the oxidase and peroxidase in areas involving aspartic 
acid residues as required by the putative models Modification of these 
aspartyl residues in cytochrome с oeroxidase confirms their importance 
in binding the cytochrome с molecule (Waldmeyer eí ai, 1982). 
Since a l l these data substantiate the involvement of charged res i -
dues surrounding the heme crevices of cytochromes с and t h e i r redox-
partners in t h e i r i n t e r a c t i o n , and since the assumed complexation by 
means of these charges leads to a nearly equiplanar rearrangement of 
the exposed heme edges in a manner preventing gaps at the interface of 
the molecules, electron transfer іид the heme edges is now generally ac­
cepted (Margoliash, 1982, Marcus and Sut in, 1985) 
In addi t ion, in the complex with the peroxidase. H e 8 1 , whose side 
chain is situated on the surface of cytochrome c, was found to be in 
the contact area, whi lst Phe87 of cytochrome с and H i s 1 8 0 of the perox­
idase were found to l i n e up along the path between the hemes This led 
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Poulos and Kraut (1980) to the suggestion that l i e 8 1 might serve as a hy­
drophobic anchor in the complex formation, while the n-orbitals of both 
hemes with additional contributions of the Phe82- and H i s 1 5 0 side chains 
might form a supramolecular conduction orb i ta l through which the electron 
transfer may proceed. The role of Phe82 appeared, however, not so impor­
tant that electron transfer is ruled out i f Phe8? is exchanged for Leu 
(Ten Kortenaar, 1983). 
1.2 5гт.іцпік!ил.і -in (jcgitde cherruif^if 
1.2.1 IntAodtxvUcn 
Modern research in biology and medicine, both in theoretical and in 
applied f i e l d s , has caused a great demand for modified proteins, and for 
generally applicable methods for their preparation. Total chemical syn­
thesis might seem to be the best answer, but the need of protection of 
many potent ia l ly reactive groups in peptide intermediates leads inev i­
tably to l imited s o l u b i l i t y of such species, to ineffect ive couplings 
between them, and to low yields of the desired f i n a l polypeptides. These 
anticipated low yields rule out productive syntheses of larger polypep­
t ides. 
Solid-phase synthesis eliminates at least formally the problem of 
large-fragment couplings, but replaces i t with the less conspicious 
problems of the quantitat ive coupling of amino acids or peptides to 
large immobilized protected peptides. In addit ion, the problem of isola­
t ion of the desired polypeptide at the end of the synthesis from a com­
plex mixture of closely related but not ent i re ly identical amino acid 
sequences increases exponentially with the number of amino acyl residues. 
To avoid the chemical synthesis of large, native protein fragments in 
the preparation of an analogue, the use of isolated native sequences is 
advocated here: th is mode of operation being called semisynthesis. De­
fined analogues arise when small modifications are introduced ina small, 
synthetic part ia l sequence of the protein, which is then completeo by 
means of appropriate unmodified fragments of natural o r i g i n , ei ther by 
condensation when possible and otherwise by complexation. 
This technique of protein semisynthesis has been reviewed by a num­
ber of authors (Offord and DiBello, 1978; Boon et a t , 1978; Sheppard, 
1979; Chaiken, 1981; Tesser and Boon, 1980; Offord, 1930,1983). 
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1.2.2 Турел o/¡ ptotzin i^mliynihu-ii 
In a review Smyth (1975) defined protein semisynthesis as 'combina-
t ion of two components, the one a fragment of a natural substance, the 
other a product formed by chemical synthesis' . This def in i t ion conve-
nient ly excludes products of the reaction between a protein and an or-
ganic reagent or the modification of a side chain in the act ive-s i te of 
an enzyme. Here semisynthesis is defined as any procedure which involv-
es the use of native protein fragments, isolated from natural ly occur-
r ing compounds to obtain a protein or protein analogue. The f ina l as-
semblage of the compounds to a complete ent i ty can be either covalent 
or non-covalent. 
A. Noti- covaitnt i mii ynthuiA 
Several proteins can be s p l i t by l imited proteolysis into large f rag-
ments, which can be pur i f ied . Sometimes a funct ioning, non-covalent com-
plex is formed on recombination of these pure fragments, which are de-
void of ac t i v i t y when separated. The same hydrogen bonds and dipolar 
forces, hydrophobic interact ions, and ionic bonds that sustain the ter-
t ia ry structure of the intact molecule w i l l then hold such fragments 
su f f i c ien t l y well together and in the correct way to retain biological 
a c t i v i t y . 
Examples of such non-covalent semisynthesis are provided by studies 
on ribonuclease (Richards, 1958; Hoes <rf at, 1980; Komoriya and Chaiken, 
1982), thioredoxin (Slaby and Holmgren, 1975), somatropin (Li it at, 
1978), phospholipase A2 (Kihara e i at, 1981) and cytochrome с (Harris 
and Offord, 1977; Westerhuis e-f at, 1979; Westerhuis, 1981). 
B. Covalent iemliynthu-іл 
В./ Síegui¿óe_iem-(4í/(iíhei¿o 
The f i r s t stage in the stepwise approach is the reversible protection of 
the ε-amino groups in the pertinent protein followed by part ia l proteo­
l y t i c digest ion, affording a monovalent amine. After p u r i f i c a t i o n th is 
compound is subjected to further degradation, ei ther by removal of a pep­
t ide fragment or a single amino acid residue from the main chain. I f the 
applied protection of the E-amino functions resists treatment with acids, 
th is degradation can be carried out from the ami no-terminus, using Ed-
man's method (Edman, 1970). This technique is highly specif ic and yields 
the same sequence minus the N-terminal amino acyl group again as a mono-
functional amine. The N-terminal α-amino group is the only one available 
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for coupling with a protected and activated amino acid der ivat ive. Ac-
t ive ester condensations are frequently employed for the steowise addi-
t ion of single amino acid derivatives at the amino termini of such N -
protected protein fragments (Sheppard, 1979) Semisynthetic protein 
fragments obtained in th is way ca" then be used for the cova lent or 
non-covalent reconsti tut ion of functional polypeptides by fraament con-
densation or complexation, respectively, with an appropriate native or 
(semi)synthetic polypeptide. 
8.2 Fnaqment-cqnderbH-tLijn i?mì,ijntlie!,< 
The fragment-condensation approach offers poss ib i l i t ies for nodi f icat ion 
of a larger range of s i t es , but is techmcully more d i f f i c u l t than step-
wise semisynthesis I t requires the coupling of a fragment obtained by 
chemical synthesis and an isolated, nat ive, sequence In general, selec-
t ive protection of the side chain carboxyl groups should be necessary in 
this mode of semisynthesis, in order to ensure sole act ivat ion of the a-
carboxyl group This necessity, inherent to oeptide synthesis, can, how-
ever, be avoided in special cases, <? a when proteins has been cleaved at 
methionyl residues by cyanogen bromide (Gross and Witkop, 1962, Offord, 
1972; Yeung e/ al, 1977) or by suitable sulphenylchlorides (Galpin and 
Hoyland, 1985a). 
These degradations lead to fragments with a C-terminal homoserme 
lactone These can sometimes undergo spontaneous and specif ic ammolysis 
with a complementary fragment without protection of functional groups, 
since the act ivat ion of a 6-lactone is low Examples are s t i l l l imited 
to trypsin in lnb i to r (Dyckes ci at, 1978), cytochrome с (Corrodin and 
Harbury, 1974; Boon et at, 1979a,b. Boon, 1981; Ten Kortenaar eX a(, 
1983; Tesser et a i , 1984) and hen egg-white lysozyme (Galpin and Hoyland, 
1985b,c). 
Another p o s s i b i l i t y for the selective activation of C-terminal carb­
oxyl groups is based on the reverse action of proteases (Chaiken at at, 
1982; Zhang, 1983). Ideal ly , th is method can be used without protection 
of side cfain funct ional i t ies Displacement of the equil ibrium towards 
synthesis by addition of organic solvents has been studied in a number 
of model systems (Hommandberg c i of, 1978; Morihara and Oka, 1981) and 
has already found application in an enzymatic semisynthesis of human in­
sul in from porcine insul in (Morihara c i a f , 1979), of ribonuclease (Hom­
mandberg and Laskowski, 1979) of cytochrome с (Hoirmandberg et al, 1980) 
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and in the combination of a t rypt ic fragment of cytochrome с(1-38) with 
a synthetic model peptide (Westerhuis et at, 1980). 
1.2.3 SenuMjnthiAii oh cytochnom с 
1.2.3.1. Introduction 
Sano and Kurihara (1969) reported the t o t a l synthesis of a horse cy­
tochrome с analogue. This analogue was prepared by sol id phase synthe­
sis and the Trp5 9-residue was replaced by Phe. Protoporphyrinogen IX was 
then attached to this synthetic apoprotein c, followed by iron inser­
t i o n . The biological a c t i v i t y of this cytochrome с l i k e compound was 
found to be about 2% of that of natural cytochrome с 
In a simi lar way, Taniuchi it at (1983) have used cytochrome с syn­
thetase to isolate a very small quantity of iso-1-cytochrome с formed 
from 1 2 5 I - l a b e l e d apo-cytochrome с and hemin in the presence of a NADPH 
generating system. 
Very recently Pielak e-t at (1985) demonstrated the use of side-direc­
ted mutagenesis to produce cytochrome с analogues. 
In spite of these examples, tota l synthesis is not the most e f f i c i e n t 
way to prepare cytochrome с analogues, and therefore semisynthesis is 
most commonly used. 
1.2.3.2. EniBloying.thefragments_il ;65i_and_{81 :104i 
Cytochrome с has been the subject of both covalent and non-covalent semisyn­
thet ic studies directed to the preparation of well defined analogues. The co­
valent semisynthesis employs a strategy, based upon the spontaneous re­
combination of the fragments (l-65)-homoserine lactone and (66-104)(Cor-
radin and Harbury, 1974). 
The aporoach involves the cyanogen bromide cleavage of the protein 
and i t s nonadecamethylsulphonylethyloxycarbonyl derivative at the methio­
nyl residues 65 and 80 leading to three fragments (Figure 7). 
Extension of the Ν ε 8 6 " θ θ •9 9>1 0 0-pentamethylsulphonylethyloxycarbonyl-
cytochrome c-(81-104)-tetracosapeptide with a methionyl residue and sub­
sequent coupling with synthetic N a » 6 6 ,N e 7 2 , 7 3 ' 7 9 - tetramethy lsu lphonyleth­
y l oxycarbonyl-cytochrome c-(66-79)-tetradecapeptide azide yields the 
Ν".'>
5
,Ν
ε
>
7 ; ,
>
7 3
·
7 9
•
8 6
-
e 8
>'
! 9
>
1 0 0
-nonamethylsulphonylethyloxycarbonyl-cyto­
chrome c-(66-104)-nonatriacontapeptide. 
After deprotection of th is fragment covalent recombination is possi­
ble with the N-terminal fragment, viz 65-homoserine-cytochrome c-( l -65)-
pentahexacontapeptide lactone. For condensation, at f i r s t a non-covalent 
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Fíq. 7 Strategy for the semi synthesis of Hse65-cytochrome с from three 
fragments 
complex of the two components must ar ise, and the heme iron must be in 
the reduced state. Under these conditions, aminolysis of the lactone 
ring by the α-amino function of the (66-104) sequence occurs, leading 
to a cytochrome с analogue in which Met6 5 is substituted by homoserme 
(Corradin and Harbury, 1970,1971,1974; Boon e-t al, 1979a; Boon, 1981; 
Boswell e-t at, 1981), indicating that the presence of the Hse-residue 
in the analogues prepared by th is method does not affect the i r proper­
t i e s . 
The described strategy has been successfully employed for the semi-
synthesis of cytochrome с analogues with substitutions in the (66-79) 
portion of the molecule, e.g. analogues in which the lysyl residues 72, 
73 and 79 or a combination thereof were acetylated (Boon et a¿, 1979b; 
c¿ Section 1.1.4). Two analogues in which the highly conserved tyrosyl 
residues 67 and 74 were substituted by leucine have also been synthe-
sized (Boon, 1981) in this way. The Leu^-analogue is of part icular i n -
terest since i t indicates that even the subst i tut ion of an in ternal ly 
located residue is permitted without rendering the conformation-direc-
ted recombination of the fragments (1-65) and (66-104) impossible. The 
introduction of the Leu67-residue resulted in a drop in the redox poten-
t i a l (200 mV vi 260 for cytochrome c) and a higher rate of the reaction 
with cytochrome с oxidase, while the a b i l i t y of this analogue to bind to 
the oxidase is not affected by this subst i tut ion. 
The synthesis of [Hse65,Leu7,4 -, [Hse6 ;\Phe6 7] - and [Hse6 5,Phe(4F)6 7]-
cytochrome c, claimed to be obtained by Koul еЛ al (1979) employed a s t r a ­
tegy, involving protection of the C-terminal tetracosapeptide with f-bu-
tyloxycarbonyl groups. Since the se lect iv i ty of the protection is highly 
questionable, the nature of these analogues is obscure Values oc the 
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biological a c t i v i t y of the products are a l i t t l e suspect, since the prod­
ucts, apart of being undefined, were contaminated (up to 60%) with the 
heme-bearing fragment. The l a t t e r is known to have an inh ib i tory ef fect 
on the biological a c t i v i t y of cytochrome с (Chessa e-t aZ, 1980). In ad­
d i t i o n , the lack of a c t i v i t y of the [Hse65,Phe(4F)67]-analogue must be 
at tr ibuted to the low redox potential of th is material (Ten Kortenaar, 
1983), which l ies below that of the cytochrome reductase (Loach, 1968), 
the natural electron donor for the cytochrome с in the chosen biological 
assay (cytochrome с depleted mitochrondria). 
The synthesis of two more analogues using th is strategy have been pu­
blished (Ten Kortenaar zt at, 1983b, Tesser it al, 1984, Ten Kortenaar, 
1983). Substitution of the Thr7 8-residue by valine resulted in a de­
crease of the redox potential (178 mV I M 260 f o r cytochrome c) and a 
lower rate f o r the reaction with cytochrome с oxidase. 
1.2.3.3. Em[jloying_only_fragment_(l;65) 
Another strategy is based on the tota l synthesis of fragment (66-104) 
by either sol id phase peptide synthesis (Barstow et al, 1977; Atherton 
e i al, 1980) or in solution (Ten Kortenaar et al, 1983a; Ten Kortenaar, 
1983). Two cytochrome с analogues in which the invariant PheB2 and the 
highly conserved Tyr 9 7 were substituted by leucine have been synthesized 
in th is way (Ten Kortenaar et al, 1983b). 
The introduction of the Leu97-residue is attended by an increase of 
the redoxpotential (319 mV vt, 260 for cytochrome c ) , the Leu8 2 analogue 
has the same redoxpotential as the native molecule 
The p o s s i b i l i t i e s of the outlined strategy (Figure 7) may be extended 
by the application of Edman degradation steps on fragment (81-104) (Wal­
lace, 1978). This enables the synthesis of cytochrome с analogues with 
substitutions beyond Met8 0 (Wallace and Offord, 1979; Wallace, 1979). 
Few examples of cytochrome с analogues prepared by non-covalent semisyn-
thesis are available The most extensive study is by Westerhuis (1981, 
Westerhuis et al, 1982). I t involves complexes of the t r y p t i c fragment 
(1-38) with semisynthetic (59-104) sequences. The l a t t e r are obtained by 
cleavage of ubiquitously ami no-protected cytochrome с (Msc-functions) at 
the only tryptophan residue at position 59, using hydrogen bromide and d i ­
methyl sulfoxide (Savige and Fontana, 1977), extention of the p a r t i a l l y 
protected (60-104) sequence with a tryptophan or tryptophan-replacing 
residue, deprotection, and f i n a l l y , reduction of the methionine sulfox-
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ides. The complex ar is ing from these fragments and containing Trp ì 
functioned as an electron transferring agent, although the segment 
(39-58) was omitted. The a f f i n i t y of the complex fo r , as well as the 
reaction rate with cytochrome с oxidase were low, in comparison with 
native cytochrome с 
Introduction of a benzothienylalamne in posit ion 59 led to the i n ­
teresting observation that even the absence of a 695 nm band in the 
product and the absence of hydrogen bonds of th is residue with the i n ­
ner propionic acid function of the heme group did not abolish electron 
transfer a c t i v i t y , as was noted when posit ion 59 remained unoccupied 
(Westerhuis, 1981). 
Another non-covalent semisynthesis of cytochrome с is described by 
Harris (1979). He prepared a complex of the fragments (1-37) and (38-
104), which were obtained by t rypt ic digestion of acetimidylated cyto­
chrome с in which the lysyl residues, although posit ively charged, 
are rendered n o n - f i t t i n g into the negatively changed pocket of t ryps in. 
Subsequent removal of the C-terminal arginyl residue (38) and acylation 
of the N-termmal lysyl residue (39) with arginine (Harr is, 1978), af­
forded the acetimidylated complex (1-37):(38-104). The product appeared 
to be more stable and to possess a higher biological a c t i v i t y than the 
complex (1-38) : (39-104) (Harris and Offord, 1977; Westerhuis it al, 
1979) 
1.3 Outíuie Oj< tha thcs-cb 
As indicated in the preceding sections of this chapter specif ic replace-
ments of amino acid residues in proteins should be done preferably ν ta 
semisynthetic procedures. The purpose of the study, described in th is 
thesis, was a further extension of procedures for the semisynthesis of 
cytochrome с analogues, in which invariant or highly conserved amino 
acid residues had been replaced. The analogues were obtained by covalent 
or non-covalent som synthetic procedures 
Chapter 2 describes four cytochrome с analogues prepared by non-co­
valent semisynthetic procedures These complexes were obtained by com­
bination of each of the (1-37)- and (l-38)-heme containing fragments 
with either the (38-104) or (39-10-1) fragments The fragments (1-38) 
and (39-104) were obtained d i rect ly by t r y p t i c digest ion, whereas the 
other two fragments, (1-37) and (38-104), were prepared from them 
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Chapter 3 deals with the application of the Edman degradation on the 
partially protected C-terminal fragment (81-104). Acylation of the re­
sulting fragment (82-104) with isoleucine and subsequent elongation 
with methionine and the synthetic fragment (66-79) (Figure 7) as des­
cribed by Boon (1981), followed by deprotection, provides a novel route 
to analogues with substitutions in the sequence (66-104) beyond Met 8 0. 
This strategy was used for the semisynthesis of three cytochrome с ana­
logues with different amino acid residues at position 81. It is suppos­
ed that this residue is designed to serve as a hydrophobic anchor in 
forming electron conducting complexes with its redox partners (Poulos 
and Kraut, 1980; c£ Section 1.1.4). 
The semisynthesis of two analogues of fragment (66-104) with substi-
tutions in the segment (66-79) is described in Chapter 4. The highly 
conserved hydrophobic Ile75-residue is replaced by hydrophilic resi-
dues such as Lys and Glu. The side chain of this residue is in close 
vicinity of the buried heme propionic residue on pyrrole ring IV (Fig-
ure 4). The procedure used for the semisynthesis of these cytochrome с 
analogues is derived from the strategy published by Boon (1981). 
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Chapter 2 
PREPARATIOM AW PROPERTiES OF HlMCTTtMMG COMPLEXES OF 
CyTOCHROME С WITH MOPIFICATIOWS AROUWP RES7PUE 5І 
2.1 Jní^oducí-tOM 
Harris and Offord (1977) have shown that the two Nc-acetimidylated 
peptide derivat ives, (1-38) and (39-104), obtained from a t ryp t i c d i -
gestion of N^-acetimidylated horse cytochrome с (the acetimidylation of 
cytochrome с has been optimized recently by Wallace and Harr is, 1984), 
associate and form a non-covalent complex A modest overall biological 
a c t i v i t y was observed for this complex in the cytochrome c-depleted mi­
tochondrial system (Wallace, 1984) Complex formation between the un­
protected protein fragments (1-38) and (39-104) was f i r s t reported by 
Parr it ai (1978), but the complex exhibited a weak 695 nm absorption 
band after oxidation. 
In this investigation the (1-38) fragment originated from the tryp­
t i c digestion of a tnf luoroacety lated cytochrome с preparation, which 
was followed by deprotection of the result ing peptide derivatives The 
sequence (39-104) was obtained from a digestion of cytochrome с with 
c l o s t r i p a i n , an enzyme preferent ia l ly hydrolyzing arginyl peptides 
(Mitchell and Harrington, 1968). Amore detailed characterization of 
the complex (1-38).(39-104) was given by Westerhuis e i a£ (1979). The 
fragments forming the complex were obtained from a t r y p t i c digestion 
of Νε - methyl sulphonyl ethyloxycarbonyl protected cytochrome с fol low­
ed by deprotection as described by Boon and Tesser (1985) The same 
complex was obtained by Wallace (1984) from the two deprotected t ryp­
t i c fragments of Ne-citraconylated cytochrome c. 
A d i f ferent non-covalent semisynthesis of cytochrome с was described 
by Harris (1979). He prepared a complex of the fragments (1-37) and 
(38-104), which were obtained from the N t-acetimidylated fragments 
(1-38) and (39-104). Fragment (1-37) was prepared by removal of the C-
tenmnal arginine residue in the former and fragment (38-104) was ob­
tained by acylation of the N-terminal lysyl residue in the l a t t e r with 
arginine The NE-acetinndylated complex (1-37) (38-104) appeared to be 
more stable and to possess a higher bioloqical a c t i v i t y than the com­
plex (1-38) (39-104), indicating that an intact peptide bond between 
residues 38 and 39 is more important for the biological a c t i v i t y of cy-
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tochrome с than an intact bond between residues 37 and 38. The non-cova-
lent NE-acetimidylated complexes (1-38):(40-104); (1-37):(39-104) and 
(1-37):(40-104), in which residues at the point of cleavage in the poly­
peptide chain had been removed, exhibited UV and v is ib le absorption spec­
tra that were quite simi lar to those of native cytochromec. Harris (1979) 
suggested that these complexes have 's imi lar structures' compared with 
cytochrome c. Their biological a c t i v i t i e s , however, are lower than that 
of cytochrome c. This may be a consequence of the f l e x i b i l i t y of the po­
lypeptide chain in the region of the cleaved bond (Parr e i cui, 1978). 
2.1.1 SüuictuAaí iole, oi Алд38 Ы cytocknom с 
Several l ines of evidence indicate that the t e r t i a r y structure of cy­
tochrome с results to a high degree but not merely from hydrophobic i n ­
teractions between the covalently attached heme moiety and the polypep­
t ide chain (Fischer zt. at, 1973; Cohen it a¿, 1974). Of part icular i n -
terest is the interact ion between Trp59 and the heme group. The side chain 
of Trp59 forms a hydrogen bond to the inward propionic acid group (Taka-
no and Dickerson, 1981a,b) and the importance of Trp59 in maintaining 
the proper configuration of the heme crevice has been discussed by Sa-
lemme e i al (1973b). 
Since Trp59 occurs in the C-terminal component of the complex (1-38): 
(39-104), interactions between the indole side chain and the heme would 
s tab i l ize the complex. The presence of Trp59 in the non-heme peptide may, 
in part,explain the di f ferent nature of the complexes (1-38):(39-104) 
(Westerhuis <U al, 1979; Westerhuis, 1981) and (1-65) : (66-104). 
The la t te r cannot retain an electron, though exhibit ing an absorption 
spectrum resembling that of ferro-cytochrome с (Corradin and Harbury, 
1971,1974). In intact cytochrome с there is a hydrogen bond between the 
amide hydrogen of Trp 5 9 and the carbonyl oxygen of Arg 3 8 (Takano and 
Dickerson, 1981a,b). I f these residues are close together in the com­
plex (1-38):(39-104), the preparation of analogues of cytochrome с com­
plexes, modified at the s i te of cleavage, might be used to investigate 
the function of the arginine residue in posit ion 38 together with i t s 
interact ion with T r p 5 9 . 
2.2 PJizipatiatLqn Ojj i(ie_comg£p.xe4 
In order to l i m i t the sites of t ryp t i c attack of horse cytochrome с 
to arginine peptide bonds, the side chain amino functions of the 19 l y -
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syl residues were protected with Msc-groups (Boon and Tesser, 1985) us­
ing methyl sulphonyl ethyl succinimidyl carbonate (Tesser and Balvert-Geers, 
1975). Tryptic digestion gave only two fragments, since cleavage occurred 
predominantly at the Arg3 !'-Lys(Msc)3 9 bond (Figure 1). 
„ _ 
.1 
tlttitm TOdJiH* (nil 
Fig. 1 5е.ралаЛлоп oj f/ic componenti 
of, a fiijjiUc cL<.ín>bt of nona-
daca-Hbc-j^lijtfCtcd hoií,i¿ cytudiiomc 
с (350 mg; 401 ppi'íídc imtenial) cu 
Sephadcx G50 ¡2.5 λ ISO cm); e&tenf 
7 0 | aquevuA {¡оЧлис aad; iliiv late 
2 6 . 5 m< h 
Ì ) (лурі-сп 
( M 4 C ) 1 2 
2) cytochncmc c-IMocIjg 
№ c ) 7 
3) H-{39-104}-OH 4Ì Ac-11-381-OH 
The par t ia l l y protected fraqments 3) and 4) could be further pur i f ied by 
ion exchange chromatography (Figures 2 and 3) and exhibited the expected 
composition on amino acid analysis (Table 1). 
FiutKinitriDiMlm*) elutum totume (mU 
Fig. 2 ChAomcUogiapky of, thz dodeca-Mic-cytochnome c- (39-104) -peptidz 
( l e f t ) (150 mg) on VE-52 ceJlulom [1.8x24 cm); ciueiii ¿<ііеал ¿tcUtm 
pkoiphatz gnacUent, 0.005-0.10 M (2x200 m fi, at pH 6.9 ^ц 4 M илча; 
(¡loui leute 23 mi/h 
Fig. 3 Clinomctfoqnapliy of the hepta-Hic-cytochfwme c-ll-i8)-pept(de 
( r ight ) (150 mg) on Vl-52 cellulae [1.8x24 cm); eZuent LLMOA iodium 
phoipliate. gnadtent, 0.005-0.10 M (2x200 ml), at ¡^H 6.9 in 4 M илеа; 
ilota unti 22 ml 'h 
Both compounds could easily be deprotected by a very short (30 sec) t r e a t ­
ment with a base as described for native cytochrome с (Boon and Tesser, 
1985). The deprotected peptides appeared almost homogeneous upon chroma­
tography on CM-52 cellulose (Figures 4 and 5) and exhibí led the expected 
amino acid composition (Table 1). Amino acid analysis of these fragments, 
following reaction with FDNB, indicated that a l l Msc-groups had been re-
moved. 
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Tabíe ¡ AMINO ACID COMPOSITIONS OF THE FRAGMENTS" 
апи.но acA.dP 
Asp 
Thr 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phe 
Lys 
His 
Arg 
(Мбс)7 
(I-Sí) 
2.11 
2.00 
4.04 
0.91 
7.04 
1.05 
2.94 
-
0.96 
2.06 
-
1.99 
6.87 
3.05 
0.95 
( Í - 3 Í ) 
2.08 
1.98 
4.18 
0.91 
7.18 
1.08 
3.09 
-
0.98 
2.12 
-
2.04 
7.14 
2.91 
1.01 
(1-37) 
2.03 
1.95 
4.07 
0.93 
6.96 
1.06 
2.93 
-
0.96 
2.05 
-
1.97 
7.03 
2.99 
<0.05 
(Midi
 z 
(39-J04) 
6.02 
7.81 
8.10 
3.09 
5.13 
5.11 
-
1.89 
4.87 
4.12 
3.95 
2.00 
12.10 
-
1.02 
( M 4 C ) 1 2 
(3S-704) 
6.12 
7.76 
8.11 
3.14 
4.87 
4.89 
-
2.03 
4.97 
4.01 
3.91 
2.03 
12.23 
-
2.18 
(39-104) 
6.02 
7.88 
8.12 
2.94 
5.11 
4.99 
-
1.95 
4.91 
4.09 
3.97 
1.99 
12.13 
-
1.03 
13S-104Ì 
5.92 
7.81 
8.21 
2.84 
5.09 
4.95 
-
1.92 
4.89 
4.12 
3.95 
1.97 
12.18 
-
2.07 
aTh&oieX¿íuiZ vaiuu соплелропа to the ma/ieit ¿nt&gzfi; no coinectionb 
іелг made. &OK ¿on on куфіоіуі-іл 
bCyi and Tip ate ùuigelij deiüwijíd dwUng hydKotyiiA. 
•Іиіюп todne Inri) 
Fig. 4 Chiomatog>iaphy o(, ¿-tagment (I-3Î) (70 mg) on PM-5Z cetluioie. 
(left) (/.3x IS cm); eluznt Іллеал iocUwn pkoiphatz gnaditnt, 0.02-0.2 
M 12x200 ml), at pH 6.9. í¿ow nati 17 wZ,'h 
Fig. 5 Civwmatogtiaphy of, (¡lagment (39-/04) (65 mg) on CM-52 ceZZuloie. 
(right) (/.ί χ 24 cm); eluent ¡Untah. iodbm pkoophatzgiadieAt, 0.02-0.2 
M (2x 120 mi), at pH 6.9, ¿n 4 M илеа; (¡¿oui late 27 mi/h 
The two pa r t i a l l y protected t ryp t ic fragments were used for the prepara-
t ion of two more fragments (Scheme 1). 
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Schumi ! Strategy for the preparation of the four fragments 
from horse cytochrome с 
Removal of Arg 3 8 from hepta-Msc-cytochrome c-(l-38)-peptide was perform­
ed by digestion with carboxypeptidase B, in a s imi lar way as described 
by Harris (1978) for the digestion of the corresponding NE :-acetimidylat-
ed fragment (carboxypeptidase В releases exclusively C-terminal arginine 
and lys ine). The coupling of arginine to the α-amino group of dodeca-Msc-
cytochrome c-(39-104)-peptide was successfully performed with Boc-Arq-
OPfp-HCl (tjí Kisfaludy et al, 1973 and Yamashiro eJ al, 1972). After re-
moval of the Boc-group the elongated peptide derivative could be i so la t -
ed by gel f i l t r a t i o n on Sephadex G50 (Figure 6) using 70% aqueous formic 
acid. The unusually high concentration of formic acid is necessitated by 
the poor so lub i l i t y of th is protected fragment. 
Fig. 6 GelffLtOicuUon ο& the И£-рп.оіес-
ted inaqmQvit (3S-104) [35 mq) 
on Sephadex. GBO (2.3 χ 130 cm); etaent 
TOlaqaeooA бснтсасЫ; (,1ош Hate 24 
mi'h 
IM 200 за un 
Heten иЯиім ІіМ] 
The modified fragments could best be pur i f ied after deprotection by ion 
exchange chromatography on CM-5? cellulose (Figures 7 and 8). The amino 
acid composition of these fragments are given in Table 1. Amino acid 
analysis of the deprotected fragment (38-104), af ter reaction with FDNB 
indicated that only the α-amino function of Arg 3 a was available for re-
action with FDNB. Loss of Lys39 was not noticed, indicating complete acyl-
ation of fragment (39-104). 
WB clvliw iti l im (mil 
Fig. 7 ChAomatuglaphy of, ¿lagment 
{1-37] 125 mg] on CM-5Ζ 
czlluío&e. 11.4x17 cm); tduint 
Іл.пе.ал ¿odium phoiphaXt qiadtent, 
0.016-0.2 M [2x110 mí), at pH 
6.9; {¡¿см иг. И mi!h 
Hutm M(uiit[mll 
Fig. 8 ClvwmatogKaphy of, ¿¡іадтгпЛ 
{3S-104) (25 mg) on CM-5Ζ 
ceMuloie. il.4 χ 23 an); eZuznt 
LLnoMi ioduim phoiphate glacUcnt, 
0.01-0.2 M [2x 160 mi) , aXpH 6.9, 
-in 4 U илеа; (¡іош nati 11 mi,'h 
The four relevant combinations of the four endproducts indicated in 
Scheme 1, gave r ise to the formation of two complexes comprising the na­
t i v e sequence but interrupted after Arg 3 9 (complex I) or Gly3 7 (complex 
I I I ) , respectively, to one deficient complex, lacking Arg 3 8 (complex I I ) 
and one redundant complex containing an additional arginyl residue in 
posit ion 38a (complex IV). The four complexes are l i s t e d in Table 2. 
Tabic. 2 THE FOUR COMPLEXES 
(l-38):(39-104) I 
( l-37):(39-104) II 
(1-37):(38-104) I I I 
(1-38):(38-104) IV 
The four noncovalent peptide complexes were prepared by mixing equimolar 
amounts of a heme-bearing and a complementary peptide dissolved in 0.01 M 
NaCl solut ion. When a molar excess of one of the peptides was present, 
the remaining peptide could be removed by chromatography on Sephadex G50 
f i n e , equi l ibrated with 0.05 M sodium phosphate buf fer , pH 6.9 (Wester-
huis, 1981). 
The solutions containing the complexes were either lyophi l ized or con­
centrated by passage through a small CH-52 cellulose column (0.5x3 cm). 
In the l a t t e r case the adsorbed complex was oxidized with f e r r i cyanide 
22 
and eluted with 0.2 M sodium phosphate buffer, pH 6.9. The concentrated 
solution was rapidly frozen and then stored at -20 0C. The amino acid 
composition of each of the four complexes is given in Table 3. 
Table. 3 AM I WO ACIP COMPOSITION OF THE COMPLEXES'1 
amino acidb (1-38):(39-104) (1-37) :(39-104) (1-37):(38-104) (1-38):(38-104) 
Asp 
Thr 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phe 
Lys 
His 
Arg 
8.08 
9.84 
11.69 
3.84 
12.11 
6.21 
3.17 
1.91 
5.87 
5.89 
3.91 
3.87 
18.68 
2.84 
1.91 
8.08 
9.84 
11.81 
3.85 
12.11 
6.09 
3.19 
1.92 
5.91 
5.89 
3.92 
3.92 
18.78 
2.91 
1.08 
8.19 
9.72 
11.72 
3.79 
12.08 
6.14 
3.11 
2.04 
5.94 
6.03 
4.11 
3.96 
18.95 
2.97 
1.98 
7.96 
9.90 
11.98 
3.84 
11.95 
6.20 
2.91 
2.00 
5.97 
6.12 
4.20 
3.87 
18.64 
2.81 
3.02 
aThto>ie.tLcaZ иаЛиел соілелропа to the neaieit ¿yitcgei; no conrectioni юеле 
made do/i ¿oit, on hydnotyiiò. 
bCyi and Tip ала ¿aigeZy deitAoyed dwUng hydialyili. 
2.3 Р5Сее-!!?і?^.90_Й?-С9ВД^^^* 
2.3.1 Chfiomatogiaphic Ьексшлхшл 
The non-cova lent complexes could be isolated by gel f i l t r a t i on from a 
reaction mixture containing an excess of one of the two peptides under 
conditions preventing dissociation. Upon re-chroma tog rauhy, maintaim'm 
the same conditions, the complexes were eluted as single symmetrical 
peaks. A colourless and a coloured peak appeared on re-chromatography un­
der dissociating conditions, IMZ. in 7% (v/v) aoueous formic acid. 
The complexes I and I I I (Table 2) behaved exactly l i k e native cyto­
chrome с during ion exchange chromatography on CM-52 cellulose. Complex 
I I showed a diminished a f f i n i t y for the CM-52 cel lu lose, due to the ab­
sence of Arg 3 0 in th is complex, whereas complex IV, bearing an addit ion­
al arginine residue in position 38a, showed an increased a f f i n i t y for 
the CM-52 cel lulose. 
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2.3.2 Abioaptton. ¿η the. АЛ4.Ыг алел 
Visible absorption spectra provide some information about the struc­
ture of cytochrome с and i t s analogues. The most sensitive probe for a 
nat ive-l ike folding of the protein chain around the heme group is the 
absorption band at 695 nm in the spectrum of the f e r n ' form, which is 
caused by the formation of the internal charge transfer couple: 
Met8 0 -w- Fe+ (Schejter and George, 1964; Schechter and Saludjian, 
1967). 
The absorption spectra of a solution of the complexes in the inter­
val 350-750 nm are shown in Figure 9. 
F-cg. 9a Complex (1-38) : (39-104) F '^g. ЯЬ Complex (1-37) : (39-104) 
F^q. 9c Complex (1-37):(38-104) Fig. 9d Complex (1-38):(38-104) 
Fig. 9 l/¿óib£e abboAption іресХла od -tíie oxícUzzd (/¡wti-¿ine.) and reduc-
ed (b-Ïofeen tine.) non-covaZe.n£ сотріехел in 0.2 M ¿odium pliobphate. 
ЬиЦел, pH 6.9 and 21 'С. 
These absorption spectra are nearly identical to that of cytochrome с 
(Chapter 1, Fig. 5) ; they exhibit a f u l l developed 695 nm absorption 
band, which has, however, a lower ext inct ion coeff ic ient than the cor­
responding band in the native protein (Table 4) . The spectral proper­
t ies of the complexes are compared in Table 4. 
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ТаЫг 4 COMPARISON OF SPECTRAL PROPERTIES OF CYTOCHROME с AM? THE FOUR 
COMPLEXES (0.2 M SODIUM PHOSPHATE BUFFER, pH 6.9 AND ZÍ °C 
emM 
695 nm 
0.77 
0.62 
0.61 
0.66 
0.52 
AiUS.Sred 
Ац 
С Чох 
1.22 
1.21 
1.24 
1.29 
1.22 
A 5 5 0 r e d 
A ^ r e d 
1.74 
1.62 
1.64 
1.68 
1.64 
Assured 
Aspeox 
2.47 
2.45 
2.56 
2.56 
2.48 
Ацоэох 
A J ¿ H O X 
9.74 
10.99 
11.20 
10.69 
10.66 
cytochrome с 
(l-38):(39-104) 
(l-37):(39-104) 
(l-37):(38-104) 
(1-38):(38-104) 
2.3.3 EddicX 0(J tmpeioXuAe on the CLbòoipUan band cut 695 nm 
In i t s oxidized s ta te , cytochrome с has an absorption band in the red 
region of the spectrum, characterized by a maximum at 695 nm. This band 
was f i r s t described by Theorell and Akesson (1939). Later on i t was dem­
onstrated that the band is very sensitive to temperature changes (Schej-
ter and George, 1964). 
Figure 10 shows the ef fect of temperature on the optical density at 
695 nm of cytochrome с and the four complexes. 
Fig. 10 ТтрглаЛиле іпслеліг Fig. 11 Тетрс/іаХиле аеслcaje 
Changes -in 695 nm abioiptiun vn.th iempclaiule (••( с 'foc.'ncme с ( ' , 0.07а mil) ; 
complex (;-3«):(39-;04] (О, 0.077 m4!; complex. (7 37): (39- W4) (В, 0.77 
mM); complQK ( 7-37) : (3S- 104] (0, 0.0І0Ш) and compUx ( 1-38) : (3S-104) 
(#, 0.075 mM) Ч.И 50 mi! &еал.ит phosphate bu^el, pH 6.9. 
In these experiments the temperature of solutions of the oxidized com­
plexes in sodium phosphate buffer at pH 6.9 (50 mM) was gradually i n ­
creased from 5 to 60 °C. When the solutions were cooled, the observed 
optical changes were reversed and the absorption band restored (Fig. 11). 
25 
2.3 .4 OiUdaZ¿on-le.dacXÁ.on potential 
The oxidation-reduction potentials of the complexes, determined spec-
trophotometrically using the fe r ro - fe r r i cyanide redox couple in a 40 mM 
sodium phosphate buffer (pH 7.0) are given in Table 5. 
Al l four complexes possessed a lower redox potential than native cyto-
chrome c, but the values devide the group of compounds into two subgroups; 
one having a redox potential around 190 mV, 75 mV lower than cytochrome 
с ( I I I and IV) and the other, showing a much larger decrease of ca 170 
mV ( I and I I ) . 
Tabii 5 ОХШТІОН-КЕ иСТШ VOTEKTIALS Of CYTOCHROME с AW THE W0W-
COVALEUT COMPLEXES 
Cytochrome с complex Red.» potential 
cytochrome с 265 ± 5 
I (1-38):(39-104) 80±20 
II (1-37):(39-104) 90±20 
I I I (1-37):(38-104) 190±10 
IV (1-38): (38-104) 185+10 
2.3.5 Суіосклотг с охАаале. activitiM 
The reaction between reduced cytochrome с complexes and cytochrome с 
oxidase was assayed polarographically, using the method of Ferguson-
M i l l e r et al (1976). They observed, that at low ionic strength, in buf­
fers not containing ions such as phosphate, that adhere to the protein 
(non-binding buffers) and at low concentrations of cytochrome c, the re­
action shows biphasic k inet ics. Under these conditions monitoring of the 
high a f f i n i t y reaction between cytochrome с and the oxidase is possible 
(Ferguson-Miller et al, 1976,1979). 
Cytochrome c, that is bound to the oxidase, is much faster reduced 
by tetramethyl-p-phenylenediamine (TMPD) than that the oxidized cyto­
chrome с dissociates from the complex with the oxidase (Ferguson-Miller 
<U at, 1978; Nicholls and Sone, 1984). This complex is nearly complete­
ly in the reduced form, since the rate l i m i t i n g step of the reaction is 
located within the oxidase (Wilson et at, 1975). 
Consequently, the rate of oxygen uptake at various cytochrome с con­
centrations, measured in the Polarographie method, is proportional to 
the amount of the cytochrome c-cytochrome oxidase complex present, and 
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the KM value, determined from an Eadie-Hofstee plot is equal to the dis­
sociation constant K[) of the complex (Ferguson-Miller, 1978). The maxi­
mal turnover rate ( V m a x ) , which is a property of the oxidase i t s e l f , 
cannot be found by extrapolation of the Eadie-Hofstee p l o t , because the 
slope of the plot decreases at higher cytochrome с concentrations, due 
to additional electron transfer at the low a f f i n i t y s i t e . The 4mx w i l l 
therefore be larger than the value found by extrapolation. I t can thus 
be concluded, that measurement of a c t i v i t i e s of cytochrome с complexes 
with cytochrome с oxidase only provides information about the a b i l i t y 
of the complex to transfer electrons and about i t s a f f i n i t y towards the 
oxidase. 
Eadie-Hofstee representations of the reactions of the cytochrome с 
complexes with cytochrome с oxidase are shown in Figure 12. The plots 
indicate, that a l l complexes are active under the assay conditions. The 
Кщ-values (Table 6) d i f f e r s i g n i f i c a n t l y but not widely; the differenc­
es r e f l e c t roughly the order of the redox potentials (Table 5). 
s 
\ 4 
^ 
. 
1 2 Э 4 5 6 7 
V (nmol 0 ; / s e c ) 
Fig. 12 Іаа-іо.-Нс(,оігг . tepte ientatuin o<i tlic л eaction o(, cytochname с 
OJU-doóe MAÓf/i cytpch/wme с (Δ), complex Ι (π) , ccmplex il (Ш), 
complex Π Ι (о) ayid complex 71/ («) . 
Jabín ó KM-VALUES OF THE КЕАСП0М OF CyTOCI'ROilC с COMPLEXES li'ITH THE 
OXIDASE 
cytochrome с 
I (l-38):(39-104) 
II ( l-37):(39-104) 
H I (]-37):(38-104) 
IV (l-38):(38-104) 
4 
18- 1СГЯ 
37·IO" 8 
63· Ю - 8 
18-IO"8 
ІЗ-ІО"
8 
2.3.6 SVuictWLOJi ckaAacXe/u-zcution od the. сотр£ехь4 
2.3.6.1. Introduction 
With the advent of h igh-f ie ld superconducting magnets and two-dimen­
sional Fourier Transform Spectroscopy, the NMR technique has ripened i n ­
to the most powerful method to study structure and dynamics of biomacro-
molecules in solut ion. Comprehensive accounts of the NMR techniques cur­
rent ly used to study proteins have been given by Wiithrich (1976), Dwek 
eX al (1977), Campbell and Dobson (1979), Naqayama (1981) and Wiithrich 
(1983). Very recently an excellent review has been reported (v.d. Ven, 
1985) concerning the a p p l i c a b i l i t y of NMR as a method for studying con­
formations of proteins. A review with part icular emphasis on i t s appl i ­
c a b i l i t y to the study of cytochrome с has also appeared (Levine e i al, 
1979). 
Once resonance assignments could be made in Ή nuclear magnetic reso­
nance spectra of small proteins ( f i r s t stage assignment), i t became clear 
that information concerning intramolecular distances present in NOESY and 
COSY spectra (Nagayama, 1981) might contribute to some extent to the char­
acterizat ion of the spatial structure (Naqayama a i at, 1980; Widere ío í , 
1984). The poss ib i l i t y that this might eventually include the complete 
determination of the conformation of small proteins has been discussed 
by Wiithrich it al (1982). Using this technique in an optimum way, v.d. 
Ven (1985) has determined the conformation of E-L30, a ribosomal protein 
comprising 58 amino acids. 
The analysis of the NMR-spectrum of a protein proceeds in three stag-
es. The f i r s t stage involves assignment of signals to special types of 
C-Η protons; this is followed in the second stage, by assignments to 
specif ic C-Η protons. In some special cases a t h i r d stage is possible, 
in which resonances are correlated with individual protons, which are 
inequivalent as a consequence of restr icted mobil i ty (e.g. Leu СНз-δι, 
or Leu С\\
ъ
-&
г
). Second stage assignments come mainly from measurements 
of NOE-effects in conjunction with interproton distances from the X-ray 
structure. 
Cytochrome с has been studied intensively by NMR spectroscopy because 
of i t s r e l a t i v e l y small s ize, the knowledge of i t s crystal structure and 
i t s occurrence in two stable oxidation states. The resonances of the 
heme group and those of the axial l igands, which experience very large 
secondary s h i f t s , were the f i r s t to be assigned (Wiithrich, 1969; 
McDonald et al, 1969; Redfield and Gupta, 1971; McDonald and P h i l l i p s , 
1973; Keller and Wüthrich, 1978). 
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Assignments of exchangeable NH-resonances (Stellwagen and Shulman, 1973; 
Patel and Canuel, 1976) and other amino acid resonances (McDonald and 
Phillips, 1973; Kellerei al, 1973; Cohen ci al, 1974; Cohen and Hayes, 1974; 
Dobsonetoi, 1975; Moore and Williams, 1975; Campbell e f at, 1976; Cookson 
et al, 1978; Boswell eí al, 1980,1982; Eley et al, 1982; Robinson et al, 1983) 
followed. The most detailed NMR study of cytochrome с has been carried out by 
the group of Williams (Moore and Williams, 1980a-f; Williams et ni, 1985a, b; 
Moore e-t al, 1985). In this series of papers assignments are given for virtu­
ally all aromatic proton resonances, and for resonances of all amino 
acid methyl groups as well as a number of other aliphatic protons in 
both the ferric and ferrous form of the horse protein. For tuna cyto­
chrome c, they have described assignments of 104 resonances out of 208 
types of C-Η protons in both oxidation states. Their assignment proce­
dure involves principally the comparison of one-dimensional NMR spectra 
of a range of homologous cytochromes с and does not require a JOUOII 
knowledge of the secondary or tertiary protein structure; e.g. for tuna 
ferri cytochrome c, containing 49 methyl groups, the assignment of 33 of 
them is made without reference to the X-ray crystal structure. 
In the following comparison of the NMR-spectra of the non-covalent 
complexes with that of the native protein, special reference will be 
made to the studies of Moore and Williams cited above. 
2.3.6.2. High_resol^tion_500_MHz_groton_NMR_sgeçtrosço[)y 
In Figure 13 parts of the 500 MHz spectra of the reduced complexes 
(l-38):(39-104) (I) and (1-37):(39-104) (II) are compared with the cor-
responding part of the native protein spectrum and in Figure 14 the 
spectra of the other two complexes (1-37):(38-104) (III) and 
(l-38):(38-104) (IV) are reproduced. Parts of the contour plots of the 
absolute value 500 MHz N0ESY spectra of cytochrome с and the complexes 
I and II are shown in Figure 15. The NMR spectra of complexes I and II 
were studied extensively; the spectra of the other two complexes were 
studied less completely, because of their poor quality. 
In Table 7 л-values of assigned resonances in the low and high field 
regions of the NMR spectra of the reduced complexes (I-IV) are compared 
with those of the native protein and in Table 8 a similar comparison is 
made *Or the aromatic region. 
From the comparison it is quite clear that the characteristic S-CH^ 
resonance of Met 3 0 and also the other proton resonances of this amino 
acid residue (β,β',γ,γ') are present in the spectra of the complexes at 
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у У 4 
1 I, 
JULl JL 
cyt с 
cyt с 
•U 
Fig. 13 Tí¡e ¿cw i'ícírf and ^M.gfi fceZd legioni oí conuentiOna£ 500 MHz 
ipec f i a oí ^елло ci/íoc/iiome с and thz leduced comp£e.xe4 
( Í -3«) : (39-/04) , I and ( J -37 | : [39-J04) , I I •<« 0. / M deuíe ta ted iodíum 
phoíphate b u ^ e i a i jiH 6.9 and 40 "C. Sh-L(¡U o^ tino, γ-me-í/i-tn CH /te-so-
наисе, and od thz Mef80 в and β' CH чмоиаисед але indicated; M ci 
Ме*
80
-5СНз; L1 and L2 a^e Oie Іеи 3 2-ГНз «! and S 2 ; l i e
5 7
 δ-СНэ д м о -
nance en cytochnome с ^4 -cnd-ica^rí. 
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IV 
^jL~J w U - . 
Ill 
\ 
*Ч/І*ЫІ1 I . . . A - . l · . l ì ж. J. • J ^ . 
•го -so 
Fig. 14 Anomatíc and hiqh fiteld tiegionò od SOU MHz bpectia en the induc-
ed completi ;i-37ì:[3S-lu4ì, Ш , and {!• 38) : 138-104}, IV ui 
С. J M deuXilatid iodiwm ph^ipí'ate bu < ¡i ел α< μΗ 6.9 aid 40 °C 
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Fig. 15 The anomaZic heyionb oí the. ttio-dunenòional NOESV ipec-
tJia 0)5 deduced cytochiome с (/5α), and the leduced com­
p l e x e ! (J-3« | : (39-I04) (15b) and ( / -37) : (39-Í04) (/5c) m 0.1 M 
deuteAoted bodium phoiphate Ьи.^ел at pH 6.9 and 40 °C. Spectra 
юеде lecoided on a SOO MHz NMR ¿pecítomete·*. 
juiignmenti: 1. TAp59, C6 9. Phe.10, о 
î. Pde 1 0 , ρ 10. Ті/л7 ц, о 
3. Ту*.14, m ) / . ?кеъі, о 
4. Г л р 5 9 , С5 72. Pfie 8 2, m 
5. P/ie 1 0, m 73. T * p 5 9 , C4 
6. P h e 8 2 , с /4. Ті/л6 7, o'm 
7. P/te3 f i, m 75. Tty/t67, о'm 
S. T>tp59, C7 
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ю 
11 
12' 
\ 
ft 
13 
ι——Щ A-
5 С 
К о . '
Γ
α Cytochrome с 
—\ 1 1 1 1 ι 1 1 1 1 1 г-
7.θ 7 4 7.0 6 6 6 2 5 .θ Ъ.* 5 . 0 
PPM 
T-ig. /üb Complex (1-38) : (39-104) 
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1 1 1 1 Г - " " 
6 . 6 6 . 2 5 . θ 
PPM 
7 .S 7 . 4 7 . 0 5 . 4 5.С 
F « . !5c Complex ¡1-37) : (39-104) 
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ТаЫг 7 COMPARISON OF 6-l/ALUES IN ΓΗΕ LOW- ANP HIGH-FICLP REGIONS OF 
THE NMR SPECTRA OF REOUCEP CYTOCHROME с ANP THE REPUCEP COM­
PLEXES 0 - 3 « ) (39 104), 1, (I 37) (39 1 0 4 ] , I I , (/-37) ¡ 3 Í - I 0 4 ) 
I I I , ( 1 - 3 S ) . ( 3 S - Í 0 4 ) , II /1 
meso CK γ 
meso CH β 
meso CH α 
meso CH δ 
Met 8 0 SCH3 
YCH 
$сн 
Y'CH 
е'сн 
Leu 1 2 СН3 δ, 
СНэ δ 2 
Ile 5 7 СН3 δ 
native 
9.60 
9 56 
9.30 
9.02 
-3.28 
-3.73 
-2.59 
-1 85 
-0.20 
-0.75 
-0.60 
-0.42 
I 
9.81 
9.52 
9.21 
9.04 
-3.29 
-3.74 
-2.71 
-1.86 
-0.08 
-0.76 
-0.63 
-
II 
9.83 
9.58 
9.22 
9 04 
-3.28 
-3.75 
-2.72 
-1.87 
-0.06 
-0.76 
-0.60 
-
Ill 
9.78 
9.53 
9.22 
9.03 
-3.28 
-3.76 
-2.74 
-1.89 
-0.06 
-0.80 
-0.62 
-
IV 
9.81 
9.61 
9.25 
9.04 
-3.29 
-3.75 
-2.69 
-1.86 
-0.09 
-0.75 
-0.60 
-
lChejiu.eAt ікЦі аЫел WMe тедлилЫ at pH 6.9 and at 40 "C 
the same or nearly the same positions (Table 7) . Therefore, the iron l i ­
gation with Met8 0 is certainly preserved in the reduced complexes. The 
small s h i f t of the В and β' protons of Met8 0 are probably caused by a 
small disturbance of the protein shape, through which these protons ex­
perience a more or a less shielding effect of the heme group 
Another characterist ic signal in the h i g h - f i e l d region of the spec­
trum of cytochrome с is that of the S-CH3 protons of l i e 5 7 ; i t s high-
f i e l d posit ion is due to a shielding ef fect of Tyr71*. In the spectra 
of the complexes the signal does not occur in this region For complex 
I th is is in accordance with the supposit-Όη (Westerhuis, 1981) that 
the conformation of the region at the lower- lef t side of the heme group, 
corresponding to the sequence (39-58) might be disturbed after scission 
of the band 38-39. On the other hand, the signals of the methyl protons 
of Leu 1 ? , outside th is region are unchanged in the spectra of the com­
plexes, indicat ing that th is residue has remained in close proximity to 
the porphyrin r ing and that the region at the r ight side of the pros­
thet ic group is probably unperturbed. 
In the low-f ie ld part of the spectra of the complexes the resonances 
of the four methine protons of the porphyring r ing are present in the 
region 9-10 ppm (Figure 13, Table 7). 
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The chemical s h i f t values of the e, α and 6 methine protons are the same 
or nearly the same as those of cytochrome c, but the chemical s h i f t value 
of the γ methine proton is d i f ferent . The s h i f t to lower f i e l d of this 
proton in the complexes points also to a disturbance of the lower-left 
side of the protein; apparently the exact positions of the aromatic rings 
in Tyr1*8 and Phe1*6 have changed, by which these residues do not lunger 
exercise shielding effect on the γ methine proton (Figures 3 and 4, Chap­
ter 1). 
Tabla S COMPARISON OF &-VALUES IN THF AROMATIC REGION OF THE NMR SPEC 
TRA OF REPUCEP CYTOCHROME с ANP THE REDUCED COMPLEXES 
(Ï-3S (39 104], 1, 11-37] (39-/04), I I , ¡7-37) (38 704), I I I , 
(7-3«) Ш-704), II/' 
Trp59 
Phe 1 0 
Phe36 
Phe 3 2 
Tyr7" 
Tyr" 
C2 
Cl, 
Cs 
Ce 
Су 
О 
m 
Ρ 
О 
m 
Ρ 
О 
m 
Ρ 
О 
m 
native 
6.98 
7.59 
6.68 
5.73 
7.07 
7.11 
6.71 
6.27 
7.39 
6.89 
7.11 
6.71 
7 40 
7.23 
7.22 
6.65 
I 
6.99 
7.60 
6.64 
6.06 
7.14 
7 13 
6.71 
6.21 
7.36 
6 88 
7.16 
6.71 
7 41 
7.24 
7.19 
6.80 
6 64 
5.06 
II 
6.98 
7.66 
6.70 
6.14 
7.09 
7.14 
6.68 
6.23 
7.36 
6.85 
7.20 
6.70 
7.41 
7.27 
7.23 
6 82 
6.55 
5.05 
III 
6 70 
6 19 
7.35 
6 86 
6.68 
7.40 
6.53 
5.05 
IV 
7.13 
6.16 
7.35 
6 85 
6.72 
7.42 
6.57 
5.06 
Cnmicat iludt va.lu.ei: uieie mcoAuied at pH ó 9 and at 40 "C 
Differences in 6-values of aromatic protons (Table 8 ) , derived from NOESY 
spectra (Figure 15) are again small for most of the aromatic residues 
So, the resonances of the aromatic protons of Phe10, Phe36 and PhoH/ are 
nearly unchangeo compared to cytochrome с Resonances more affected are 
those of C6 in T r p 5 9 , the meta proton resonance of Tyr7 and the four 
aromatic proton resonances of Tyr 6 7 . The resonances of the ortho and meta 
protons of Tyr 6 7 f a i l in the spectrum of the native molecule at 40 0 C, 
but are v is ib le at 93 0C, probably due to the hindering of the motion of 
this residue ÍEley et al, 1982). At 40 0C the aromatic protons of Tyr67 
are present in the spectra of the complexes, indicat ing that the res-
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t r i c t i o n of the motion of th is group is decreased. 
The resonances of the aromatic protons of Phe1*6 and Tyr1*8, well as-
signed in the native molecule (Moore and Wil l iams, 1980a) but not in the 
complexes are again indications that the structure at the lower- lef t side 
is disturbed. 
2.4 PISCUSSIÖN 
The association of modified and unmodified t r yp t i c fragments of cyto-
chrome с has been used to prepare several non-covalent complexes of the 
protein being ruptured around position 38. The complexes were prepared 
to c l a r i f y the function of the invariant arginine residue in this posi­
t i o n , the role of i t s hydrogen bonding with T r p 5 9 , and the possible im­
portance of a buried water molecule, present at the bottom of the na­
t i v e prote in, which is with in hydrogen bonding distance with respect to 
the Arg 3 8 Νε atom (2.5 Ä), the Lys39 CO function (2.8 Ä), the Gin1*2 NH 
group (2.9 Â) and the propionic acid residue of pyrrole r ing IV (2.8 Ä) 
(Takano and Dickerson, 1981a,b). Unti l now th is water molecule is only 
seen as an element that connects the floppy loop, comprising the sequence 
40-50, in some way with the rest of the protein (Takano and Dickerson, 
1981a,b; 1982). 
Our results show that the disturbance of hydrogen bonds in th is net-
work as a consequence of a rupture in the chain around Arg38 only af-
fects the structure at the bottom of the molecule; a l l complexes show a 
well developed 695 nm absorption band, though the molar extinctions are 
lower. Even the absence of Arg3 8 , in complex I I , appears to have l i t t l e 
ef fect on the v is ib le absorption spectrum of th is complex. This has also 
been observed with the acetimidylated complex (1-37):(39-104) (Harr is, 
1978). 
Upon heating, the ext inct ion of the 695 nm absorption band of the 
complexes decreases faster and more progressively than the ext inct ion 
of th is band in the native molecule, and at about 60 0C the maxima have 
disappeared completely. Apparently, the complexes are less stable. The 
effects of temperature on th is absorption band are completely reversible. 
The observations may be ascribed to a displacement of the equil ibrium be-
tween a structure having the native His18-Fe-Met80 l igat ion ( ' co ld ' iso-
mer) and a structure lacking the Met80-heme iron bond ( 'hot ' isomer) as 
described previously for the native protein (Schej'ter and George, 1964). 
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The complexes, in which arginine occurs in the non-heme component (com­
plexes I I I and IV) have a higher redox potential (ca 200 mV) than the 
other two complexes (ca 100 mV), but the values are substantial ly lower 
than that for the midpoint potential of the native protein (265 mV). 
Complex (1-38):(39-104) as well as i t s acetimidylated analogue, prepared 
by Wallace (1984), exhibited the same low value for the redox p o t e n t i a l . 
Moore it at (1984) published higher values for the redox potentials of 
the acetimidylated complexes (1-38):(39-104) (175 mV) and (1-37):(39-104) 
(160 mV), but these data are probably incorrect due to the high ionic 
strength of t h e i r test medium. 
Several f a c t o r s , l i k e chemical differences (Mashiko eJ at, 1979), d i ­
e l e c t r i c constant of the heme environment (Kassner, 1972,1973), heme 
water exposure (Stellwagen, 1978; Schlauder and Kassner, 1979), and i o ­
nisation of a heme propionic acid (Moore it al, 1984) have a l l been im­
plicated as contributors to the regulation of oxidation-reduction poten­
t i a l s in heme proteins (Marchon ut al, 1982; Schejter it al, 1982; 
Korszun eX at, 1982; Myer, 1983). 
However, i t seems probable that variations in the redox potentials 
of horse cytochrome с analogues having only a single modification are 
ch ief ly determined by differences in the hydrophobicity of the cav i ty , 
which includes the heme. Therefore, the lower redox potential of our 
complexes has probably to be ascribed to a decreased hydrophobicity, 
together with an increased solvent accessib i l i ty of the cavi ty. 
When Arg 3 8 and T r p 5 9 occur in the same component (complexes I I I and 
IV), the hydrophobicity is better conserved than in the complexes I and 
I I . For complex I , in which these residues occur in d i f f e r e n t components, 
the solvent access ib i l i ty of the heme group seems to be increased to the 
same extent as in the complex lacking the residue in position 38. Inter­
actions of Arg 3 8 with other residues (especially Trp^ 9 , but perhaps also 
with the water molecule) are probably very important in maintaining the 
hydrophobicity and solvent inaccessib i l i ty of the heme cavity. The high­
er redox potentials of complexes I I I and IV, compared with complexes I 
and I I , can then be explained supposing that an arginine present in the 
non-heme fragment of the complex comes more easily in hydrogen bonding 
distance to Trp 5 9 and thus restores at least part ly the closed structure 
at the bottom of the molecule. 
The cytochrome с oxidase a c t i v i t y of the complexes was determined un­
der conditions giving r ise to monophasic kinetics (Ferguson-Miller, 1976, 
1978); auto-oxidationwas not detected under the assay conditions. The 
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a b i l i t y to bind to the oxidase was not affected in complexes I I I and IV, 
whereas complexes I and I I showed a substantly decreased a b i l i t y . On the 
other hand, the reduced a f f i n i t y of complexes I and I I to the oxidase 
might be due to the part ia l loss of t h e i r native structure, which is less 
predominant for the other two complexes (see discussion above). The ac­
t i v i t y of complex I I , lacking A r g 3 8 , is conspicuous and allows the con­
clusion that A r g 3 8 is not necessary for electron transport to cytochrome 
с oxidase. 
These results corroborate related data published by Harris (1979), 
who has found comparable values for the biological a c t i v i t y of the ace-
timidylated complexes (1-38):(39-104), (1-37):(39-104) and (1-37):(38-104). 
He concluded that an intact peptide bond between residues 38 and 39 is 
more important for the biological a c t i v i t y of cytochrome с than an i n ­
tact bond between residues 37 and 38. In i n t a c t cytochrome с there is 
a hydrogen bond between the amide nitrogen atom of Trp 5 9 and the carbon-
yloxygen of Arg 3 8 (Takano and Dickerson, 1981a,b). When this hydrogen 
bond is present in the complex (1-37):(38-104), i t w i l l r e s t r i c t the 
f l e x i b i l i t y of the polypeptide chain in the N-terminal region of the 
non-heme peptide result ing in a complex that resembles the structure 
of the native protein rather w e l l . 
The four complexes showed a decreased r e a c t i v i t y towards the oxidase, 
although, at higher concentrations, complex I I appeared to be a rather 
e f f i c i e n t substrate. The negligible electron transfer measured for cyto­
chrome с bearing a modified Arg 3 8 residue (Wallace and Rose, 1983) should 
be understood as depending on the test c r i t e r i o n used, since i t also im­
plies the a c t i v i t y of the cytochrome с reductase. 
In the comparison of the NMR data of complexes (l-38):(39-104) ( I ) 
and (l-37):(39-104) ( I I ) with cytochrome c, a l l s i g n i f i c a n t changes de­
tected, can be explained by the supposition that only the conformation 
of the region at the lower-left side of the heme group, corresponding 
to the sequence (39-58) is disturbed. The poor qual i ty of the spectra 
of complexes I I I and IV prevents the confirmation of the above hypothes­
is that in these complexes the or iginal structure at the bottom of the 
molecule is less disturbed. 
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2.5 EXPERIMEMTAÎ 
Mote/uuti 
Horse cytochrome с (Type VI) was obtained from Sigma Chemical Co., 
trypsin and porcine pancreatic carboxypeptidase В were from Boehringer 
Mannheim. Sephadex gels were from Pharmacia Fine Chemicals, and c e l l u ­
lose ion exchangers (DE-52 and CM-52) from Whatmann Biochemicals. 
A cytochrome с oxidase preparation ( ferro cytochrome c: oxygen oxido 
reductase, EC 1.9.3.1), isolated from beef heart muscle and pur i f ied as 
described by Hartzell e-t al (1978), was a g i f t of Dr B.F. van Gelder, 
University of Amsterdam. 
ОтелоЛ ptocecfuAe 
Column eluates were monitored with an LKB Uvicord type I I I or type S 
instrument. Amino acid compositions were determined with a modified Jeol 
JLC-6AH analyser a f t e r hydrolysis in 5.7 N hydrochloric acid (Merck, su-
prapur) at 110 °Z for 24 hrs in sealed, evacuated tubes. Dinitrophenyl-
ation reactions of 1 mg of protein were performed in 2 ml of а №НС0з 
solution (4 mg/ml) by addition of 0.5 ml Ъ% FDNB i n ethanol for 8 hours 
at room temperature with s t i r r i n g . The DNP-products were isolated by ac­
i d i f i c a t i o n with IN HCl to pH 1 and centri fugati on, followed by washing 
with water, ethanol and ether. Spectroscopic measurements were performed 
with a Cary 118 instrument. 
Тетрелаіиле dependencí/ ol the. 695 nm band 
The temperature dependence of the absorption band at 695 nm was re-
corded using a jacketed cuvette, equipped with a thermistor. The temp-
erature of the cuvette was continually raised at a rate of 1.0 "C per 
minute or lowered at a rate of 0.5 0C per minute. Absorption readings 
(32 readings per min, accuracy IO"1* absorption unit) and the correspond-
ing temperatures (4 readings per min, accuracy 10"3 0C) were collected 
and averaged with a Dig i ta l PDP 11/23 minicomputer. 
Redox potzntial теаіилетеи-fcs 
Mid-point redox potentials at pH 7.0 (£„,, 7) were determined spectro-
photometrically with the fe r ro - fe r r i cyanide redox couple (Margalit and 
Schejter, 1970). A solution of the appropriate cytochrome с complex in 
40 mM sodium phosphate, pH 7.0, also containing 6.0 mM ferro cyanide, 
was t i t r a t e d under anaerobic conditions with a deoxygenated 5.0 mM f e r n 
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cyanide solution at 20 0C. The concentration of the complex was determ­
ined spectrophotometncallv by complete reduction with sodium d i t h i o n i t e 
at the end of the measurement, using a molar ext inct ion coeff ic ient at 
550 nm equal to 27.7 M'^cm" 1 for the ferro-form (Butt and K e i l i n , 1962). 
The amount of reduced cytochrome с af ter each addition was determined 
spectrophotometrically, using a value of 20 М ^ . с т г 1 for the difference 
in ext inct ion coeff ic ient of the ferro- and f e r n form at the α-band 
wavelength The mid-point potential was calculated at half reduction of 
cytochrome c, determined graphically from a plot of log ( f e r r o - / f e r r i 
cyanide) against log ( f e r r o - / f e r r i cytochromec), using E0 equal to 428 
mV for the f e r r o - f e r r i cyanide couple, as calculated from the data of 
O'Reilly (1973). 
B-Lolog-LCCLl o-cU-tv-uty теа.іилеяіеіг£4 
The a c i t i v i t y of cytochrome с and the complexes with respect to pur i ­
f i e d beef heart cytochrome с oxidase was determined using the ascorbate-
tetramethyl phenylene diamine (TMPD) system (Ferguson-Miller cí a¿, 1976, 
1978). 
The rate of oxygen uptake at 25 0C was measured polarographically 
with a Clark electrode mounted in a thermostated reaction vessel (1.65 
raL) A specially thin Teflon membrane was used on the electrode to ob-
tain maximal sens i t i v i t y . The assay solut ion contained Tris acetate (pH 
7.8, 25 mM), sucrose (250 mM), ascorbate (6 mM), TMPD (1.2 mM), Tween-2C 
(0 1%) and cytochrome с oxidase (0 128 μΜ) Concentrations of cytochrome 
с or the complexes ranged from 0.018-0.050 μΜ. Rates of oxygen consump­
t ion were calculated assuming an equil ibrium concentration of 240 nmol 
Oz/ml of buffer (Chappell, 1964). 
ШК іргс іоісору 
500 MHz proton NMR spectra were recorded on a Bruker 500 MHz spectro­
meter operating in the Fourrier transform mode and interfaced to an Aspect-
2000 computer equipped with a real-time puiser board. Samnles were pre­
pared by heating the complexes in 99 7b% D?0 solution for 10 minutes at 
40-50 С in order to exchange the l a b i l e hydrogens (amide protons) for 
deuterium and subsequently lyophi l iz ing the complexes from a concentra­
ted solution in 0.1 M sodium phosphate buf fer , pH 6 9 
The lyophi l isate was dissolved in 99.95% D2O to give a 2-4 mM solu­
t ion of the complexes The solution was then transferred to a 5 mm NMR 
tube (Wilmad 528PP), flushed with arqon, subsequently reduced by addi-
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t ion of a small amount of sol id sodium d i t h i o n i t e , and f i n a l l y sealed. 
Chemical sh i f ts were quoted re lat ive ly to the formic acid resonance 
at 8.45 ppm, which was present in each sample. 
Standard ID spectra were obtained by averaqing 200-400 free induction 
decays (FID's). Suppression of the residual HDO-peak was achieved by pre-
saturation of the water resonance (during 2.0s) pr ior to data acquisi­
t i o n . 
2D-N0E spectra were obtained employing the standard pulse sequence 
(Macura and Ernst, 1980): 
{RD-90o-ti -90o-T In-90o-t2) 
where t ! and t2 denote the evolution and the observation period, respec­
t i v e l y , RD "is a relaxation delay and тщ i s the so-called mixing period. 
In these experiments the solvent signal was suppressed by continuous, 
selective i r r a d i a t i o n at the UDO resonance frequency, only interrupted 
during the observation period (Wider e i at, 1983). 
The NQESY spectra of cytochrome с and the complexes were recorded us­
ing RD = 2.1s and -rm= 0.15s. The value of t j was varied between 0.05 ms 
and 25.65 ms i n steps of 0.05 ms; for each value of t j 40 FID's (4 К 
data-points, sweepwidth 20 KHz) were accumulated. The experiment was 
performed using quadrature detection in t2 with the carr ier frequency 
at the low f i e l d side of the spectrum. Pior to Fourier transformation, 
the time domain spectra were mul t ip l ied by a sine bel l window functiDn 
in both dimensions and z e r o - f i l l e d to 2 К data-points in the t j dimen­
sion. After Fourier transformation the spectrum was symetr ized. 
Рло£елі-іоп o£ cytoclvwmz с 
The amino functions of the 19 lysyl residues were protected with Msc-
groups, using methyl sul phenyl ethyl succinimidyl carbonate according to the 
procedure described by Boon and Tesser (1985). 
Jiijptic digestion c¡¡ cytochiome с 
Tryptic digestion of the protected protein was performed at pH 6.9 
at a substrate concentration of about 20 mg/ml in sodium phosphate buf­
fer at 37 0C (0.2 M). Trypsin (IS in 10-3NHC1, 20 ul/ml substrate solu­
t ion) was added. After 1 h the digestion was stopped by freezing the reac­
t ion mixture (Westerhuis eí al, 1979). The complete digestion mixture 
was then subjected to lyophi l iza t ion. The residue was dissolved in 70°. 
(v/v) formic acid (100 mg digest/ml) and applied to a column of Sepha-
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dex G-50 f ine which was equil ibrated previously with the same solvent. 
Elution of the fragments was also performed with 70% (v/v) formic acid 
(Figure 1). The coloured f ract ions, containing Ν ε 5 · 7 · Β · 1 3 · 2 2 > 2 5 > 2 7 -
hepta-Msc-cytochrome c-(l-38)-octatriacontapeptide and bearing the heme 
moiety, and fractions containing the complementary fragment, 
N c 3 9 , 5 3 , 5 5 , 6 0 , 7 2 , 7 3 , 7 9 , 8 6 - e O , 9 9 , l C 0 . d o d e c a . M s c _ C y t o c h r o m e c - ( 3 9 - 1 0 4 ) -
hexahexacontapeptide were recovered by concentration of the appropri­
ate solutions to a small volume (2-5 ml), dilution of the concentrate 
with water (100 ml) and lyophilization. Purification of the protected 
fragments was achieved by ion exchange chromatography on DE-52 cellu­
lose, using a linear sodium phosphate gradient pH 6.9, containing area 
(4M) (Figures 2 and 3). 
Fractions containing the purified protein fragments were pooled and 
freed from urea and phosphate by gel filtration over a column (4.0x35 
cm) containing Sephadex G-25 fine, equilibrated and washed with 0.02 M 
armonium acetate pH 6.5. The peptide derivatives were again recovered 
by lyophilization. 
Oe-ptLotuction 0(j tliz iiagmenti 
Removal of the Msc-groups from the side chain amino functions of the 
fragments was performed by injection of 4.0 N sodium hydroxide solution 
(0.25 ml) into a vigorous stirred solution of 50 mg of the protected 
compound in 4.0 ml of a mixture of dimethyl suIphoxide and methanol (3:1 
v/v), according to the procedure recently published by Boon and Tesser 
(1985). Exactly 30 seconds after the injection of the base, the solution 
was acidified with acetic acid and poured into ethyl acetate. The preci­
pitate was collected by centrifugation and washed twice with ethyl ace­
tate and with ether. 
further purification was achieved by ion-exchange chromatography on 
carboxymethyl cellulose using a linear gradient of sodium phosphate buf­
fers (Figures 4 and 5). Since the solubility of the sequence (39-104) is 
much less at pH 6.9 than that of fragment (1-38), the buffers employed 
for elution of the former were made up with urea (4 mole/1.)- The frac­
tions containing the purified compounds were fried from urea and buffer 
salts by passage through Sephadex G-25 fine (column dimensions 4.0x40 
cm), using 1M aqueous acetic acid as the eluent. The purified compounds 
were finally obtained as fluffy powders by lyophilization. 
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Ca.lbox.ijpe.ptídeAiz 8 dtqei-ttcm 
NE5,7,8,i3,2 2,2 5 ,27 . ^ e p t a . ^ s c . C y t o c h r o m e c-(1-38)-octatriaconta pep-
t ide (25 mq, 1 2 pmoles) was dissolved in 2 5 ml of 0 ІМаішіотип car­
bonate, pH 7 5, and 3.5 units of carboxypeptidase В were added The 
digest was l e f t at room temoerature for exactly 7 minutes, then d i l u t ­
ed by the addition of 10 ml of water, and subsequently lyophi l ized. 
The residue was dissolved in 4 ml of a mixture of dimethyl sulphoxide 
and methanol (3 1, v/v) and deprotected by the in ject ion of 4 N NaOH 
(0 25 ml ) 
Following a c i d i f i c a t i o n with acetic acid and precip i tat ion as des­
cribed before, the heptatriaconta peptide (1-37) was pur i f ied by ion 
exchange chromatography on carboxymethyl cellulose using a l inear gra­
dient of sodium phosphate buf fer , pH б 9 (Figure 7) The fractions con­
taining the p u r i f i e d fragment (1-37) were combined, the mixturewas de­
salted by passage through Sephadex G-25 f ine (column 4.0x40 cm) using 
1 M aqueous acetic acid as the eluent, and the oroduct was recovered by 
l y o p h i l i z a t i o n . Yield 2.30 pmoles, 11.2 mg (57%, ref lect ing the aver­
age y i e l d of three experiments). 
PlipcuiatLOn oi thz (¡/uigment (3S-I04) 
The pa r t i a l l y protected, non-heme fragment (39-104) (6.0 umoles, 
55 8 mg) was dissolved in DMF (0 8 irl ) , and the resul t ing solution was 
neutralized by addition of dnsopropyl ethyl ami ne (DIPEA, 10% solution 
in DMF) Twenty f i ve equivalents of Boc-Arg-OPfp.HCl (72 mg, 150 moles, 
freshly prepared from Boc-Arg-0H НСІ-НгО, HOPfp and DCC in DMF, 0.5 h at 
0 0C and 1 h at room temperature, followed by f i l t r a t i o n of the separa­
ted dicyclohexyl urea) in DMF (0.5 ml) were added with s t i r r i n g at 0 0C 
to the above solut ion. 
After 18 hrs the protected heptahexaconta peptide derivative was pre­
cip i tated by addit ion of ethyl acetate, washed two times with ether, and 
dried -un vacuo. After acidolysis of the Boc-group with 90% (v/v) aqueous 
TFA and precip i tat ion of the product with ether, the residuewas dissolv­
ed in 70% aqueous formic acid and applied to a Sephadex G-50 f ine column 
which was equi l ibrated and eluted with the same solvent (Figure 6) 
The p a r t i a l l y protected fragment (38-104) was recovered by concentrating 
the pooled fractions -иг vacuo to a small volume and lyophi l izat ion of 
th is solution af ter the addition of water (100 ml) 
The Msc-groups were removed by short treatment with a base as describ­
ed above. The deprotected non-heme fragment (38-104) was pur i f ied by 
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ion-exchange chromatography on a column of CM-52 cellulose using a l i n ­
ear gradient of sodium phosphate buffer in urea (4M), pH 6.9 (Figure 8). 
Fractions containing the pur i f ied fragment were pooled and freed from 
urea and buffer salts by passage through Sephadex G-25 f ine (column 4.0 χ 
40 cm) using 1 M aqueous acetic acid as the eluent. The desalted fragment 
was then recovered by lyophi l i zat ion. Yield 2.28 umoles, 17.6 mg (3ñ%, 
ref lect ing the average y ie ld of three experiments. 
Ріералд-осои о (5 the. сотрігкгі 
The non-covalent peptide complexes were prepared by mixing equimolar 
amounts (1 to 2 umoles) of a ferri-heme peptide and a complementary peo-
t ide in 0.01 M NaCl. When a molar excess of one of the peptides was used, 
the unused component was removed by chromatography on Sephadex G-50 f ine 
equil ibrated with 0.05 M sodium phosphate buffer pH 6.9 (column 2.2x130 
cm). The peptides were eluted at a flow rate of 25 ml/h using the same 
buffer. The pur i f ied complexes were adsorbed onto a small column of CM-52 
cellulose ( 0 . 8 x 3 cm) in 0.025 M sodium phosphate buffer pH 6.9, eluted 
as concentrated solutions with 0.2 M sodium phosphate buffer pH 6.9, rap­
i d l y frozen at -78 0C, and stored at -20 0C. 
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Chaoter 3 
SEMISWJTHESIS 0Γ CYTOCHROME с ANALÖC-IIES WITH SUBSTITIITIOWS AT POSITIOM il 
3.1 ìntAudaction 
Only a few papers have been published dealing with the semi synthesis of 
cytochrome с analogues substituted in the C-terrainal fragment compris­
ing the sequence (81-104). Wallace (1978,1979) has published the semi-
synthesis of analogues of acetimidylated cytochrome с with substitutions 
at positions 81 and 82. These analogues were prepared from the acetimi­
dylated fragments (1-65), (66-80) and (81-104), obtained by CNBr cleav­
age of fully acetimidylated cytochrome с For introduction of the sub­
stitutions Wallace applied the Edman degradation on the acetimidylated 
fragment (81-104) (Wallace and Offord, 1979). The introduction of both 
the Phe(2F) 8 2 and the Lys(Z) 8 1 residue resulted in an analogue having a 
strongly reduced biological activity (Wallace, 1979). 
Ten Kortenaar eí al (1983b) and Tesser ei at (1984) have also des-
cribed the semisynthesis of cytochrome с analogues containing substi­
tutions in this region. They developed a synthetic route based on the 
total syntheses of the protected sequence (66-79) (Boon, 1981) and of 
the protected fragment (81-104) (Ten Kortenaar, 1983; Ten Kortenaar et al, 
1983a). 
Because of the interesting function of lie81 (cj Chapter 1, section 
1.1.4) oresent in the C-termi nal fragment of cytochrome c, we decided to 
prepare some more cytochrome с analogues substituted at this position. 
Since the total synthesis of fragment (81-104) (Ten Kortenaar, 1983) is 
a rather laborious task, we investigated the applicability of the Edman 
degradation on this fragment to the preparation of these analogues. 
3.2 Edman ащ\а.аа.Хіоп 
3.2.1 T.ntn.oaiLiLtA.on 
Edman (1950) was the f i r s t to report a method for the stepwise degra­
dation of oligopeptides from the N-terminal end, employinq the reagent 
phenylisothiocyanate ( I ) . This procedure is well reviewed by Edman (1970). 
The series of reactions forminq the basis of th is degradation (Bethell ef 
at, 1965) is shown in Figure 1. 
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rí=jT-N=C=S · tyN-CHR-ti-NH-CHR'-Ü— 
coupling гх 
§ 9 9, 
rÄj-NH-C-NH-CHR-C-NH-CHR'-C" 
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S CHR shortened peptide 
С 
II 
о 
ш 
The f i r s t s t e p i s the f o r m a t i o n o f a phenyl th iocarbamyl (PTC) d e r i v a t i v e 
o f the p e p t i d e ( I I ) by coupl ing the f r e e a-ammo g r o u p , under m i l d basic 
c o n d i t i o n s , w i t h p h e n y l i s o t h i o c y a n a t e ( I ) This r e a c t i o n w i l l be r e f e r ­
red t o as ' t h e c o u p l i n g r e a c t i o n ' . The next r e a c t i o n i n v o l v e s the c leav­
age o f the PTC-peptide ( I I ) a t the p e p t i d e bond nearest t o the PTC-sub-
s t i t u e n t . Th is r e q u i r e s a s t r o n g l y a c i d i c medium and ends up w i t h forma­
t i o n o f a 2 - a m l i n o - 5 - t h i a z o l i n o n e d e r i v a t i v e ( I I I ) i n the protonated 
f o r m , l e a v i n g the o r i g i n a l p e p t i d e , l a c k i n g one amino a c i d . This i s r e ­
f e r r e d t o as ' t h e cleavage r e a c t i o n ' . 
The shortened p e p t i d e has a f r e e a-ammo g r o u p , and can t h e r e f o r e be 
s u b j e c t e d to a new cyc le o f the d e g r a d a t i o n , when d e s i r e d . The t h i a z o l i n -
one ( I I I ) i s a d e r i v a t i v e o f the N-terminal ammo a c i d and can, i f wanted, 
be used f o r i d e n t i f i c a t i o n o f the end g r o u p , u s u a l l y I I I is converted 
i n t o a p h e n y l t h i o h y d a n t o i n by t reatment w i t h aqueous m i n e r a l a c i d . 
3.7.2 Edmxn deqiadatiun on the fWitialZy p-tc fee fed {S1-104) flaqmunt 
fje86-8o , 4 4 , ι H -pentamethyl sul phony! e t h y l oxycarbonyl cytochrome c-
( 8 1 - 1 0 4 ) - t e t r a c o s a p e p t i d e ( I , Scheme 1) was o b t a i n e d from M s c - p r o t e r t e d 
cytochrome с as descr ibed p r e v i o u s l y by Boon and Tesser (1985) 
Edman degradat ion on t h i s p a r t i a l l y p r o t e c t e d fragment was best per­
formed using a 5 0 0 - f o l d molar excess o f p h e n y l i s o t h i o c y a n a t e (Wallace 
and O f f o r d , 1974) щ 60" (v/v) aqueous p y r i d i n e A f t e r 2 5 hrs r e a c t i o n 
t ime a t 40 'C the c o u p l i n g appeared t o be q u a n t i t a t i v e . The cleavage r e ­
a c t i o n was induced by the a d d i t i o n o f an excess o f t r . f l u o r o a c e t i c a c i d 
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Scheme Ϊ Strategy for the semisynthesis of cytochrome с analogues 
and the process was performed at 40 0C for 25 minutes. The protected, 
shortened peptide was recovered by gel f i l t r a t i o n on Sephadex G50 in 70% 
(v/v) aqueous formic acid (Figure 2). Using optimal conditions i t was 
possible to isolate the shortened peptide in 93% y i e l d . 
After g e l f i l t r a t i o n the Msc-protected fragment (82-104) exhibited the 
expected composition on amino acid analysis (Table 1). Following the re­
action with FDNB, the amino acid analysis of th is fragment indicated that 
only the o-amino function of Phe82 was available for arylat ion (quanti­
tat ive removal of l i e 8 1 and no over-reaction). 
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Fig. 2 СЩМлаісоп of, tke N€-piotecti>d ^lagment ($2-104) (100 mq] on 
Sephadzx G50 (3.2 к 150 cm); еіигпі 10% aqueouj (¡onmtc ac-td; flow 
nati 33 ml'h 
Table 1 AMINO ACIP COMPOSITIONS OF FRAGMENTS I and Π α 
amino acid 
Asp 
Thr 
Glu 
Gly 
Ala 
H e 
Leu 
Tyr 
Phe 
Lys 
Arg 
I 
2.05 
2.03 
3.06 
1.00 
3.07 
3.03 
2.09 
0.97 
0.99 
4.85 
1.07 
lb 
2.04 
2.00 
2.98 
1.01 
2.96 
2.01 
1.99 
-
0.97 
4.87 
1.04 
I I 
1.96 
2.03 
3.09 
1.10 
2.93 
1.90 
2.00 
0.99 
0.96 
5.07 
1.00 
l i b 
2.01 
1.98 
3.06 
1.13 
2.92 
1.93 
2.05 
-
-
4.98 
1.00 
í ,T,'.tí"u'ftc«í valUiüb cciicipond to the ncoAeit •cnieqet; no co-f iecíuni 
wt'te modi •¡σι IOÒI on liijdiolijí'i 
ЬАиа(.'(/4(і afituA d{nitAûplienijta.Ucn 
3.3 Senuói/iif. 'H4_o¿_f/i'cc_ i/toc/iM"nç_c пмиидиеі 
3.3.1 Intii ductfon 
In Scheme 1, the route proposed for the semisynthesis of cytochrome с 
analogues modified at oosit ion 81 is given. This strategy is basedonthe 
procedure for the semisynthesis of HseG;>-cytochrome с given by Boon (1981). 
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In order to prove the v a l i d i t y of the proposed route, the already known 
Hse65-cytochrome с analogue was prepared star t ing from the truncated 
peptide I I by extension with isoleucine, the amino acid which character­
izes the native sequence In th is way fragment I I I was obtained. The l a t ­
ter was then further treated according to the procedures given by Boon 
(1981) for the preparation of the deprotected fragment V I I , which should 
be coupled to the N-terminal fragment V I I I . The cytochrome с analogue 
thus obtained exhibited the expected properties (Boon ef at, 1979a, Boon, 
1981). I t should thus be possible to prepare v-ax th is route other anal­
ogues of cytochrome с with amino acid substitut ions at posit ion 81. 
The semisynthesis of Hse 6 5 ,Leu e l -; Hse 6 5 ,Va l e l - and Hse6 : ;,AlaB 1-cyto-
chrome с and some physicochemical properties of these analogues w i l l be 
described in th is chapter. 
3 3.2 VKQ]XL>ULtLOn o¡5 th<L cytodiiomc c-[Sl-104)-tetlacoiape.ptA.de de.>u.va.-
For the extension of the truncated peptide I I the use of an active es-
ter of an N-t.butyloxycarbonyl amino acid derivative was the method of 
choice, because the Boc-group can be select ively removed from the product 
by t r i f luoroacet ic acid treatment, without interference with Msc-groups 
An advantage of the use of active esters is that they can be supplied 
in a large excess over the amino component in order to approach quanti-
ta t i ve acylat ion. Good results were obtained using the pentafluorophenyl 
ester of the Boc-amino acids (Kisfaludy it at, 1973) Quantitative acyla-
t ion was observed af ter 16 hours when 10 equivalents were emoloyed I t is 
assumed that in addition to the inherent higher react iv i ty of these es-
ters (Kovacs it al, 1980), the i r lypophil ic character may have contr ibut-
ed too, since the N-terminal region of the nucleophile is lypophi l ic as 
we l l . 
Prior to dissolution in DMSO, the water of hydration in Use-protected 
(82-104)-cytochrome с had to be removed. The compound was therefore dis­
solved in neat TFA, which was then removed in a stream of nitrogen, and 
the residue was dried over KOH ui vacuo. After dissolution of the sample 
in DMSO and neutral izat ion with DIPEA, 10 equivalents of Boc-Leu-OPfp or 
Boc-Val-OPfp or Boc-Ala-OPfp were added. The reaction mixtures were l e f t 
overnight Each of the three products could be isolated by precip i tat ion 
with ether. 
A f t e r a c i d o l y t i c removal of the Boc-groups with 90% (v/v) aqueous TFA 
the sequences I I I , having a Leu, Val or Ala residue in position 8 1 , were 
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pur i f ied by chromatography on Sephadex G50 in 70» (v/v) formic acid 
Figure 3 gives conditions and elut ion prof i les for the respective 
products Lyophil ization of the pertinent fractions gave the desired, 
pa r t i a l l y protected sequences, comprising the intended (81-104) f rag-
ments in 80-90ÍS y i e l d . The results of amino acid analyses of the prod-
ucts, pr ior to and af ter dimtrophenylation are given in Table 2 
400 
tiutien wotunw ii 
Fig 3 liolatLon o/¡ compiuiids ,. ^ ti/pc I I I ica 50 mj) bi/ je£ (¡-ctfiation 
on Saptiadex. G50 \3 2X.130 cm) in 70S aquepaj lO/imxc асл-d, ^ioa 
lata 23 ml k frei die Leu. , 25 mi h ¡(с ι in и l/af , and 21 mi ι «ι ο ι the 
Aia anaZoque 
As shown in Figure 3, the product-peaks were always preceded by one or 
more small peaks In the case o f the synthesis of the Val '-(81-104) se­
quence, these high molecular weight compounds, that accounted for only 
a few percent of the y i e l d by weight, were isolated Amino acid analysis 
of the material revealed, that the peak elut inq j u s t before the desired 
product, is composed of two triacosapeptides, and one valine residue 
The occurrence of the byproduct can be explained by the fo^Tiation of 
an anhydride from the Boc-Val-OPfp and a side chain carboxyl group of 
the tnacosapeptide I I Subsequent anmiolysis of the anhydride at the 
triacosapeptide side by another tnacosapeptide can then result in the 
occurrence of γ-glutamyl or e-aspartyl peptides, and thus of the above 
mentioned byproduct. 
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ТаЫг î AMINO ACIP COMPOSITIONS OF PENTA-Msc- [Xxx81] CYTOCHROME c-
W-104\-tvtAOLaoi>OLpt.p£iÁe¿. [Xxx] = Leu, Vol, Мм."-
Amino acid 
Asp 
Thr 
Glu 
Gly 
Ala 
Val 
I l e 
Leu 
Туг 
Phe 
Lys 
Arg 
Leu8 1 
1.98 
2.00 
2.98 
1.07 
2.87 
-
2 09 
2.92 
1.08 
1.03 
4.93 
1.08 
Leu8 1,b 
2.02 
1.96 
2.97 
1.09 
2.84 
-
2.06 
2.08 
-
1.01 
4.91 
0.97 
Val 8 1 
2.05 
2.09 
3.11 
1.05 
3.05 
0.91 
1.83 
1.98 
1.01 
0.95 
5.12 
0.93 
Val 8 1 ,b 
2.09 
2.07 
3.03 
1.12 
3.10 
-
1.86 
2.04 
-
0.92 
4.96 
0.94 
A la 8 1 
2.10 
1.97 
3.04 
1 07 
3.81 
-
1.99 
1.99 
0.98 
0.94 
4.94 
1.00 
А1а81,Ь 
2 09 
1.97 
2.92 
1.11 
3.08 
-
1.87 
2.04 
-
0.97 
4.93 
1.03 
а
Т(іеол.еХ(.са£ аЫел соллеіроиа io thz пгалиі -mtege/t; no cofizcUoni 
и>ел.г made, {¡οι ¿an on hydtioZynA 
"А&іел cUrnjuiophznyuition 
A similar side reaction was found by Ten Kortenaar (1983) during the syn­
thesis of several analogues of the (66-104) sequence. Apparently, th is 
side reaction, which can occur when aminolysis of the active ester is 
rather slow, is a disadvantage of the use of minimal side chain protec­
t i o n . 
3.3.3 Smiiynthiiii oí the. cytochlome c- [66-104] ínagmenti 
For the synthesis of each (66-104) sequence the route described by 
Boon et al (1979a) and Boon (1981) was followed (ci Scheme 1). The f i r s t 
step was the extension of the Msc-protected fragments (81-104) with meth-
ionine, using Boc-Met-OPfp, in a similar way as described above. The prod-
ucts could be isolated by precipi tat ion with ether and washings with b% 
(v/v) acetic acid in ethyl acetate and ether, and were usually obtained 
in 90-95% y ie ld . Completeness of the acylations was checked by amino acid 
analysis, before and af ter dimtrophenylation. 
After ac idolyt ic removal of the Boc-groups with 90% (v/v) aqueous TFA, 
the Na-deprotected (80-104) sequences were acylated with the f u l l y syn-
thet ic azide V (c i Scheme 1) (Boon, 1981), comprising the sequence (66-79). 
Before isolat ion of the products the Msc-groups were removed by treatment 
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with a hard base (Boon and Tesser, 1985). The crude, deprotected prod-
ucts, contaminated with both the parent pentacosa- and tetradecapeptides, 
were chromatographed on Sephadex G50 in 758 (v/v) aqueous formic acid. 
Figure 4 gives conditions and elut ion orofî les for the respective prod-
ucts. Lyophi l izat ionof the product-containing fractions resulted in the 
desired (66-104)-sequences in 22-28% y i e l d . The results of amino acid 
analyses of the products are ai ven in Table 3. 
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3.3.4 Recombination of, the cutochiome с analoauei 
The crude nonatriacontapeptides were not purified further; they were 
condensed, as such, with the peptide derivative 1-65 (VIII, c> Scheme 1), 
using the conditions given by Ten Kortenaar (1983). These conditions are 
fundamentally similar to those given by Boon et ai (1979a) with the ex­
ception of the buffer in which the reaction is performed. It was found, 
that the precipitation of a part of the nonatnacontapeptide VII, which 
occurs when a sodium acetate buffer (Ο.ΙΜ,ρΗ 5.6) orasodium phosphate 
buffer (Ο.ΙΜ,ρΗ 6.8) is used, is avoided by performing the reaction in a 
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Tris-HCl buffer (Ο.ΙΜ,ρΗ 7.2). 
The complexation of the reduced heme-peptide V I I I with the complemen­
tary nonatnacontapeptides VII could be followed spectrophotometrically 
by monitoring the increase in absorbance at 550 nm. The condensations 
were carried out in an argon atmosphere. 
After 48 hours the reactions were stopped by oxidation with f e r n cya­
nide and the products were isolatedby g e l f i l t r a t i o n of the reaction mix­
tures on Sephadex G50 (Figure 5). The crude products were isolated by ly­
ophil i z a t i on, and the residues were dissolved in 2 ml of 0.1 M sodium 
phosphate buffer (pH 6.9) in 8M urea and passed through aSephadex G25 
column in 0.02M sodium phosphate buffer, pH 6.9 The procedure was re­
quired to re-nature the cytochrome с analogues (Boon ut ai, 1979a). 
labte. 3 AMINO ACIP COMPOSITION OF [Xxx 8 1 ] -CVTOCHROMF c- (66-104)-N0WA-
TRIACONTAPEPTIPES. [Xxx] Leu, Vol, Ша 
Amino acid 
Asp 
Thr 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
He 
Leu 
Tyr 
Phe 
Lys 
Arg 
Leu8 1 
3.07 
3 03 
5.07 
1 93 
2.11 
2.98 
-
1.03 
3 08 
4 11 
2.93 
1 06 
7 93 
1.01 
Val"1 
2.91 
2.98 
4.83 
1.98 
2.04 
3.09 
1.05 
0 96 
3 09 
3.13 
2.90 
1 06 
7.91 
0.97 
Ala p ' 
2.93 
3.06 
5.00 
1.94 
2.09 
4.08 
-
0.99 
2.97 
3.03 
2.97 
1.07 
8.14 
1 05 
aThíoiztícaí vaZu&i соплелропа to the. пгалелі írtfzqw по солле.сХл.от 
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Further p u r i f i c a t i o n of the coloured products was attempted by ion ex­
change chromatography on CM-cellulose, using various gradients of sodium 
phosphate buffers, pH 6 9. The cytochrome с analogues showed a diminish­
ed a f f i n i t y for the CM-cellulose and could not be eluted as a normal 
sharp peak at the usual concentrations, since they leaked slowly from 
the column, giving a very broadened and f l a t 'peak', which is hardly 
perceptible. 
The analogues were obtained in concentrated form by adsorption from 
a very di luted solution (ca 0.01 M sodium phosphate buf fer , pH 6 9) on­
to a small ( 0 . 5 x 1 0 cm) CM-52 column and subsequent elut ion with 0 2 M 
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sodium phosphate buffer, pH 6.9. The yields amounted to 16'. for 
H s e " , Val ^-cytochrome c, 13, for Hsef ^, Al a8'-cytochrome с and 111 
for Hsef>' i,Leual-cytochrome с 
Val" 
I № 
Λ 
Λ 
1-бі 
/ 
ч 
ІОО 
elution volum« in ml 
200 
elutten volume in ml 
МО 
elulion volume in ml 
Fig. 5 l io íaf iuH с <í ¿ em-t i уи ƒ/к. ftc αιгα¿OL(ue^ o{ [Ηίι»ΓΙΊ -ajtocltlí me Í un 
Se/viadex G50 -(.. 71 ациичи jcimtc ac<d Lcu.bl апаЛсца^., zoluimi 
/ .2x730 cm, (.íovinatc 10 mt h, f¿!i anoto que, cctumn 7 0x130 cm, í^mt' 
лаХг 15 m¿ h, Мл61-алаІсцаі, column 2.0 к HO cm. ¡¡¿i.e late 22 m¿ h 
3.4 Р^е\иглуі_Иіе111Ш^І21_Иіе^11 ^І2_апа^бе
ъ11Аы
в
Іісі!іо-
с Síome с 
The absorption spectra in the v is ib le region of the analoaues (Figure 6) 
are very simi lar to that of the n s t ' . c prote in, with respect to the pos­
i t i o n of the absorption maxima for the reduced analogues at 416 nm (Soret), 
520 nm (a) and 550 nm (s) The spectra of the oxidized analogues show the 
native absorption maxima of 409 nm (Soret) and 528 nm. The analogues a l ­
so exhibit a band at 695 nm, though of weak intensity 
56 
005 F ig 6a 
Hie6 5,Leu6 -cytochioim с 
Fig 6b 
Ног
65
,Valal-cytochlome, с 
6β0 TOO 
Wavelenglh in nm 
Fig. 6 (For Fig. 6c see next page) 
V-UiibZe. aboOKption іргсЛла. o(¡ ífiecx-tdtzed ЦіМ. ¿сие) and deduced |Ьло-
feen ¿сие) cytochlome с апаЛоциел А.П 0.2 Micdíum phoòphcUe Ьи^ел, j+f а 9 
and 22 "С 
The redox potential of the analogues were determined spectrophotometri-
cal ly by equi l ibrat ion with mixtures of f e r n - and ferro cyanide of known 
potential at pH 7 0 and are l i s t e d in Table 4 
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ТаЬ£е 4 ÖXIPATION-REPUCTIÖW POTENTIALS ÖF С ТОСНШЕ с, H4e65-CiaOCHROME с 
AMD TOE PREPARE? ANALOGUES 
cytochrome с 
analogue 
redox potential 
mV ( i 5 mV) 
cytochrome с 
Hse65-cytochrome с 
Hse'55-Leuel-cytochrome с 
Hse6 5-Vale l-cytochroiiie с 
Hse65-Ala81-cytochrome с 
265 
262 
257 
253 
256 
The steady state kinetics of the reactions of the three cytochrome с ana­
logues with cytochrome с oxidase were investigated polarographically un­
der conditions which gave r ise to monophasic kinetics (Ferguson-Miller, 
1976). The results of the a c t i v i t y measurements of the analogues, and the 
comparison with those of Hse65-cytochrome с and the native compound are 
presented as Eadie-Hofstee plots in Figure 7. The plots indicate, that the 
analogues are active electron-transferring agents under the assay condi­
t ions. 
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tockfiomz с (o); 4i&ís,Vci¿B1-cytochiomi. с 
с (Δ) 
l) and Hie65,Ma61-ajtoch>iomç 
3.5 
РХ4са44-сои 
The successful semisynthesis of the cytochrome с analogues described in 
th is chapter indicates that the Edman degradation provides a sat isfac­
tory method for the preparation of cytochrome с analogues having subst i­
tutions in the N-terminal part of the C- termi nal fragment. The cyto­
chrome с analogues were prepared to investigate the function of the high­
ly conserved isoleucine residue in posit ion 81. 
Poulos and Kraut (1980) have proposed a hypothetical model for the 
cytochrome с peroxidase: cytochrome с electron-transfer complex, based 
on model-building experiments using the prerefinement peroxidase model 
and the structure of tuna cytochrome с (Swanson et ai, 1977). Recent 
chemical modification (Waldmeyer ut at, 1982) and cross-l inking data 
(Bisson and Capaldi, 1981) lend support to the hypothetical model. 
The model complex was based upon the observation that certain acidic 
side chains are present on the surface of cytochrome с peroxidase (Asp 3 1 , 
Asp31*, Asp3 7 and Asp 2 1 7 ) and positioned to interact with a complementary 
set of lysine residues (Lys 1 3 , Lys 2 7 , Lys 7 2 , Lys f l 6 and Lys8 7) on the sur­
face of cytochrome c. In the result ing model complex, the two heme moie­
t ies are paral le l and as close to each other as the structures permit 
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without causing severe conformational changes. Several other interac­
tions involving H e 8 1 of cytochrome с and well-defined acyl residues of 
the peroxidase provide a part icular ly good set of hydrophobic contacts. 
Addit ional ly H e 8 1 aids in sealing o f f the intermolecular interface from 
the external solvent. Because a hydrophobic residue is conserved at pos­
i t i o n 8 1 , usually l i e in animals and Val in plants (Dickerson and Timko-
v ich, 1975), Poulos and Kraut suggested that th is region of the cyto­
chrome с molecule is designed to serve as a hydrophobic anchor in form­
ing electron-transfer complexes. 
The results described in th is chapter show that replacement of th is 
residue by Leu, Val or Ala is not connected with a serious change in 
physicochemical or biological properties From the comparison of the 
redox potentials of the cytochrome с analogues with HserJ-cytochrome с 
and the native molecule i t is evident that l i e 8 1 is not involved in the 
establishment of a high oxidation-reduction potent ia l . Even Hse 6 5,Ala 8 1-
cytochrome с possesses an unchanged redox p o t e n t i a l , indicating that the 
more extended hydrophobic side chain of H e 8 1 is not necessary for main­
taining th is high value. 
The fact that these cytochrome с analogues exhibi t a d i s t i n c t a c t i v i ­
ty with cytochrome с oxidase, rules out any essential function of the 
H e 8 1 residue in the native molecule in the electron transfer process. 
This result is s imi lar to the related data published by Ten Kortenaar 
(1983), who found that the highly invariant Pher? residue in cytoen rome с 
does not play the important role in the electron transfer between cyto­
chrome с and cytochrome с oxidase, suggested by Poulos and Kraut (1980). 
So, the conclusion can be drawn that the interaction of cytochrome с 
with i t s redox partners is predominantly based on electrostat ic interac­
t ions, and that the role of the highly conserved l i e 8 1 residue of cyto­
chrome с is s t i l l i n d i s t i n c t . 
3.6 Expel шеиЛи. 
For general experimental methods, see Chapter 2, Section 2 5. 
1^86-88,99,' o--f,(,,;ta Mic-cytcch'wme с (S2 104) -f iccia.,^ptide (II) 
Fragment I (176 mg, 50 umoles) was allowed to react at 40 CC fo'· 2.^ 
hours with a 500-fold molar excess of phenylisothiocyanate (25 mmoles, 
3 ml) in 60% (v/v) aqueous pyridine (20 ml). The reaction mixture was 
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worked up by prec ip i ta t ion of the crude product with ether, centr i fuga-
t i o n , washing with ethyl acetate (twice) and ether ( twice) , and drying 
ui vacuo. The residue was dissolved in anhydrous t r i f luoroacet ic acid 
(5 ml ) , flushed with nitrogen, the tube was stoppered and placed in a 
water bath at 40 0C for 25 minutes. The truncated peptide derivative was 
precipitated with dry ether (40 ml) , and dried in vacuo. The sediment was 
dissolved in 70% (v/v) aqueous formic acid (3 ml) and applied to a Seph-
adex G50 f ine column (3.2x130 cm) which was equi l ibrated and eluted with 
the same solvent (Figure 2). 
Fractions containing the peptide were pooled, concentrated under re-
duced pressure to about 3 ml , di luted with 120 ml of water, and l yoph i l -
ized to give 158 mg (93%) of the t i t l e compound. 
The Lea 9 1- , Vol81- and A£aei-ana¿ogae4 of, dnaqmant III 
The peptide derivat ive I I (50 mg, 14.6 umoles) was dissolved in neat 
TFA and the acid was evaporated in a stream of nitrogen. The residue was 
dissolved in DMS0 (0.35 ml) and the solution was neutralized with DIPEA 
to pH 7-8. Boc-Leu-OPfp (or Boc-Val-OPfp or Boc-Ala-OPfp) (10 equiva-
lents) was added at-10 C, and the reaction mixture was kept overnight 
at room temperature. The product was precipitated with ethyl acetate and 
washed with ether. 
After acidolysis of the Boc-group with 90% (v/v) aqueous TFA for 1 h 
and precipi tat ion of the product with ether, the residue was dissolved 
in 70% (v/v) aqueous formic acid and applied to a Sephadex G50 f ine co l -
umn which was equi l ibrated and eluted with the same solvent (Figure 3). 
The pa r t i a l l y protected analogues of fragment (81-104) were recovered 
by concentrating the pooled fractions ¿и vacuo to a small volume and l y -
ophi l izat ion of th is solution after the addition of water. Y ield: 90% f o r 
the Leu81-analouge; 86% for the Alae l-analogue and 80% for the V a l 6 1 -
analogue. 
The leu61-, 1/α£θ1- and A£aa l-analogue* oí íiagment IV 
The analogues of fragment I I I were dissolved in neat TFA, which was 
subsequently evaporated in a current of nitrogen. After drying over K0H 
•in vacuo, the st icky residues were dissolved in DMS0 (40 mg per 0.30 ml ) 
and the pH of the solutions was adjusted to 7.5-8.0 by the addition of 
DIPEA. Boc-Met-OPfp (5-8 equivalents) was added at -10 0C and the reac-
t ion mixtures were kept overnight at room temperature. Precipi tat ion 
with ethyl acetate and washings with 5% acetic acid in ethyl acetate, 
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ethyl acetate, and ether afforded the crude N0'-protected products. After 
acidolysis of the Boc-group with 90" (v/v) aqueous TFA for 1 h at room 
temperature and precipi tat ion of the product with ether, the products 
were obtained in 90-95% y i e l d . 
SemUij.LtkeM οιί the i.m 8 1-, Va.tB1- and Afa81- ( 66-104) i<iqu.ínce¿ 
The derivatives obtained in the previous prescript were dissolved in 
DMF (5.8 umoles in 0.30 ml) , neutralized with DIPEA, and the tetradeca-
peptide azide V (8 umoles, prepared according to Boon, 1981) in 0.3 ml 
DMF was added. 
After 4 days at 4 0C the reaction mixtures were worked up by precipi-
tat ion with ether, centri fugati on and washing with ethyl acetate and eth-
er. The residues were dissolved in 4 ml of a mixture of DMS0 and MeOH 
( 3 : 1 , v/v) and deprotected by the in ject ion of 4 NNaOH (Û.25 ml). After 
45 seconds the solution was acidi f ied with acetic acid and poured into 
ethyl acetate. The precipitate was collected by centrifugation and was 
washed with ethyl acetate and ether. The residues were dissolved in 7% 
(v/v) aqueous formic acid and applied to a Sephadex G50 f ine column 
(2.1x130 cm) which was equil ibrated and eluted with the same solvent 
(Figure 4). 
The desired products were recovered by lyophi l izat ion of the approp-
r ia te f ract ions. Yield: 28'. for the Ala81-analogue, 26? for the Val8 1 -
analogue and 22% for the LeuB1-analogue. 
Recoiutdation o& the cytczhneme с clioun ^lom the. (í-651 ùictune and tlie 
166-104] £nagmenti 
The cytochrome с chain was reconstituted by a procedure simi lar to 
that described by Corradin and Harbury (1971). 
The conditions for the recombination step are fundamentally s imi lar 
to those given by Boon (1979a) with the exception of the buffer in which 
the reaction is performed (Ten Kortenaar, 1983). 
A solution of the (l-65)-lactone (VI I I ) (6 mg, 7.7 umoles) andthe ap­
propriate (66-104) peptide (3 mg, 0.66 ymoles) in 0.2MTris-HCl buffer , 
pH 7.2 (2 ml) was deoxygenated by f lushing with argon for 30 minutes in 
a rotat ing modified Thunberg-assembly attached to a 2 mm cuvet. The 
heme-containing fragment was reduced by addition of a minimal amount of 
sodium d i t h i o n i t e , injected in portions through the septum, as an approx­
imately 50 mM solution in deaerated water, while measuring the absorbance 
changes at 550 nm. The solution was kept in the reduced form for 48 hours, 
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and then oxidized by in ject ion of a minimal amount of potassium f e r r i 
cyanide solution in water. 
The reaction mixture was subjected to g e l f i l t r a t i o n on a Sephadex G50 
f ine column (2.3x130 cm) in 1% (v/v) aqueous formic acid (Figure 5) . 
The fractions containing the reconsituted cytochrome с chain were pooled 
and lyophi l ized. This material was dissolved in 0.1 M sodium phosphate 
buffer, pH 6.9 (3 ml) containing BMurea, and re-natured by g e l f i l t r a ­
t ion on a Sephadex G25 column (1.0x25 cm) in 0.02M sodium phosphate buf­
f e r , pH 6.9. The coloured fractions were d i luted with water to a 0.01 M 
sodium phosphate concentration, absorbed onto a CM-52 cellulose column 
(0.5x1.0 cm) in 0.01M sodium phosphate buf fer , pH 6.9, again oxidized 
with a small amount of potassium f e r r i cyanide, eluted as a concentrat­
ed solution with 0.25 M sodium phosphate buf fer , pH 6.9, rapidly frozen 
at -78 0C, and stored at -20 0C. 
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Chapter 4 
IWESTIGATKWS INTO THE SÎMÏSVHTHESÎS OF CYTOCHROME с AMLOGUeS 
SUBSTUUTEV AT POSITION 75 
4.1 JnticducU-on 
The c r i t i c a l step in the strategy for the semi synthesis of cytochrome с 
analogues from three fragments as developed by Boon (1981) (ctf Chapter 1, 
Section 1 2.3) is the conformation-directed formation of the Hse6 5-Glu6 6 
bond. Application of the scheme for the preparation of analogues of the 
protein w i l l be l imi ted to systems in which the alignment of the com­
plementary fragments 1-65 and 66-104 is not perturbed greatly In pre­
vious work on the semisynthesis of cytochrome с analogues (Boon, 1981; 
Ten Kortenaar, 1983) th is approach could successfully be used in several 
cases, where only l imi ted variations had been introduced. 
Using this concept we decided to attempt the semisynthesis of cyto­
chrome с analogues, in which the highly conserved hydrophobic isoleuc-
me residue at posit ion 75 is replaced by another, hydrophi l ic, residue, 
e.g lysine or glutamic acid. 
The l i e 7 5 residue, although strongly conserved is not an absolutely 
invariant residue (Dickerson and Timkovich, 1975). I ts part icular func­
t ion is related to the maintenance of a hydrophobic environment at the 
bottom of the heme cavity (Takano and Dickerson, 1981a,b). I ts hydro­
phobic side chain is positioned in the space between the two propionic 
acid residues at pyrrole r ing I I I and IV (c(( Chapter 1, Figure 4). 
Therefore, subst i tut ion of H e 7 5 by Lys or Glu, w i l l be connected 
with a serious change in hydrophobicity at the bottom of the heme group, 
and i t seemed worthwhile to study the e f f e c t of th is change on the phys­
ical and biological properties of cytochrome c. 
4 2 Stjnthei-Liq^tke л^сдиеіс^сі/Сос^оте^СзІбб^/^ЬГе^гаассаі;^'1-
tcäe (ІгкІ аЛл іі 
4 2.1 SynthiHi oí the. Lyi7''-cinaloguí 0(j cijtochlarm u-{66-74ì-t&tn.a-
dzcapzptcde /2 
The tetradecapeptide derivative 12 was obtained by condensation of the 
hexapeptide derivative 11 and the octapeptide derivative 10a, which in 
turn was prepared by fragment condensation of the peptides 8 and 9. The 
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syntheses of 11 and of the latter intermediate (9) have been described 
in detail by Boon (1981). The order of coupling of the fragments used 
here, follows the route for the synthesis of the Leu 6 7- and 1_еи7ц-апа-
logues. Scheme 1 illustrates the strategy used for the synthesis of the 
tetradecapeptide derivative 12. 
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Scheme 1 Strategy for the synthesis of Lys"s-cytoch rome c - (66 -79 ) -
tetradecapeptide der ivat ive 12 
Compound 8 was synthes ¿ed ι ( α the same route as employed f o r the corres­
ponding d e r i v a t i v e of the native sequence (Boon, 1981). The synthesis of 
the desired pentapeptide derivat ive s t a r t e d with the coupling of the pro-
66 
tected Lys residue 2 with H-Pro-OBut in 98% y i e l d The α-amino group of 
the dipeptide 3 was deprotected by cata lyt ic hydrogénation and then acy-
lated with the azide prepared from the protected Tyr derivative 4. Com-
pound 5, isolated in analy t ica l ly pure form (89% y i e l d ) , was subjected 
to hydrogenolysis and acylated with the azide prepared from the dipep-
t ide derivative 6. The f u l l y protected pentapeptide derivative 7 crys-
ta l l i zed from acetoni t r i le -water ( 9 . 1 , v /v ) . The f ive ac id - lab i le , pro-
tect ive groups in 7 were cleaved with 90% (v/v) aqueous t r i f luoroacet ic 
acid. The three ε-amino functions were again protected, now with Msc-
groups using the procedure developed by Boon (1981) for the native se­
quence This exchange of protective groups gave 8 in an overall y i e l d 
of 60% 
Hydrogenolysis of the tr ipept ide derivative 9 and coupling of the res­
u l t ing free amine 9a with the pentapeptide derivat ive 8, mediated by DCC 
and HOBt ( c i König and Geiger, 1970) afforded the octapeptide derivat ive 
10. This compound could be our i f ied by f i l t r a t i o n of the reaction mixture 
and chromatography on Sephadex LH-20 in DMF, y ie ld ing 93% of the product 
Removal of the Z-group from 10 by cata ly t ic hydrogenolysis and coup-
l ing of the product 10a with the azide prepared from the hexapeptide 
derivative 11 by the Honzl-Rudinger method (1961) gave the desired te t ra -
decapeptide derivative 12· The compound was isolated by prec ip i ta t ion 
with ether. Countercurrent d is t r ibut ion of the crude oroduct, using the 
system nBuOH-HOAc-H20 (13.5.1 5-15) and precip i tat ion of pur i f ied 12 from 
a methanolic solution with ether afforded the t i t l e compound in 74'» y ie ld 
4.2.2 SyntheA-ob of, thz Giu75-analogue od cijtochAome, с-{ЬЬ-1°)-1<гЛлд.-
dzctvpzptuiz Zi 
In broad o u t l i n e , the synthesis of the tetradecapeptide derivative 22 
was achieved in an analogous way as described for the tetradecapeptide 
derivative 12. However, the planned modification is coupled with the nec­
essity to retain the t.butyloxy group in the glutamic acid residue re­
placing I l e ^ 5 Thus, treatment with TFA had to be deleted from the scheme, 
what precluded the use of compound 6 (Scheme 1) I t was, therefore, de­
cided to introduce the lysyl residues d i r e c t l y as the Ne-Msc-derivatives, 
i e. to use compound 20 instead of 6. The strategy for the synthesis of 
compound 22 is depicted in Scheme 2. 
The glutamic acid derivat ive 16 was obtained by conversion of Z-Glu-
(OBut)-OH (Buis, 1973, Schroder and Klieger, 1964, Schnabel, 1966) into 
i t s methyl ester using diazomethane, followed by reductive removal of the 
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Sc/іеліе 2 Strategy for the synthesis of Glu 7 5 cytochrome c-(66-79)-tetra-
decapeptide derivative 22 
Z-function. The acylation of 16 with the azide prepared from 4 by the 
Honzl-Rudinger method (1961) afforded the dipeptide methyl ester 17 in 
87% y i e l d . The ester was treated with hydrazine hydrate in methanol to 
give the analyt ica l ly pure dipeptide hydrazide 18 in 85% y i e l d . 
The tetrapeptide derivative 14 was obtained by coupling of Z-Pro-ONSu 
(Anderson ct at, 1964) and compound 9a. An analyt ical ly pure product was 
obtained in 84% y i e l d by c rys t a l l i zat i o n from methanol. Hydrogenolytic 
removal of the Z-group from 14 folluwed by acylation of the result ing 
free amine with the azide prepared from 18 by the Honzl-Rudinger method 
gave the analyt ica l ly pure hexapeptide derivative 19 in 84^ y i e l d 
Reductive removal of the Z-group from 19 afforded the free amine 19a, 
which was acylated with the azide prepared from 20 (Ten Kortenaar, 1983) 
by the Honzl-Rudinger method. After 2 days at 4 0C and rhromatoqraphy on 
Sephadex LH-20 in DMF the octapeotide derivative 21 was obtained in 64% 
y i e l d . 
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Removal of the carbobenzoxy group from 21 by cata ly t ic hydrogenolysis 
and coupling of the product with the azi de prepared from the hexapep-
t ide derivative 11 by the Honzl-Rudinger method (1961) gave the desired 
tetradecapeptide derivat ive 22. This compound was isolated and pur i f ied 
in 60% y ie ld as described above for compound 12. 
4.3 ^èi^bliiq^Hòel^GZul^- and H4e65tLi/i75-c¡/íoc(i^ome с 
For the synthesis of each of the sequences (66-104) the route described 
by Boon (1981) was followed {Ц Chapter 1, Section 1.2.3). 
These semisynthetic compounds were obtained by acylation of the cl­
amino group of the p a r t i a l l y protected sequence (80-104), using an ex­
cess of 40% of the azi des prepared from 12 and 22. 
The crude reaction products were isolated af ter a reaction period of 
4 days at 4 0C and then treated with a l k a l i to remove the Msc-qroups. 
The desired variants of the cytochrome с sequence(66-104) were separated 
by gel f i l t r a t i o n on Sephadex G50 in 7% aqueous formic acid (Figure 1). 
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Fig. 1 ìioùitLon o¿ the. nonat>uM.c.ontapcptidei (66-104) en Sep/tadex G50 in 
71 aqutoui {¡ошіс acid: left, Glu7i-ancUtogui, coiumn 2.3x730 cm, 
{low tAtz H ml/h; r ight, Lyò75- anoto gaz, column Z.OxJ30 cm, iloui late 
22 mZ/h 
The yields of the syntheses affording the semisynthetic sequences, es-
tablished by weighing, were found to be 23* for the Glu75-analogue and 
32% for the Lys75-analogue. The amino acid compositions of the nonatria-
contapeptides were in good agreement with the theoretical figures (Table 
1), while s imi lar analyses of FDNB-treated materials indicated that the 
deprotection step had been essential ly complete. 
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ТаЫг 1 AMIW ACID COMPOSITION Ol· THL GLU 7 5 AfW LVS7S ANALOGUES OF THE 
SEQUENCE 66-104 ΚΝΌ OF R S E ^ , И'57 5-СУТ0С/«0МЕ c a 
Amino acid 
Asp 
Thr 
Glu 
Pro 
Gly 
Ala 
Val 
Met 
l i e 
Leu 
Tyr 
Phe 
Lys 
His 
Arg 
Glu7 b 
66-104 
3.08 
3.01 
6.09 
2.01 
2.09 
2.97 
-
1.08 
2.98 
3 06 
3.01 
1.06 
8.06 
-
1.07 
Lys7 5 
66-104 
3.00 
2.88 
4.89 
1.89 
2.07 
3.02 
-
1.03 
2.95 
3.09 
2.81 
1.00 
8.86 
-
1.04 
Hse^.Lys 7 5 -
cytoch rome с 
7 93 
9.61 
11.74 
4.17 
12 32 
6.29 
3.21 
0.91 
4.90 
6.13 
3.87 
4.09 
19.61 
3.18 
2.09 
aTh<LO>ieX.LcaZ аіиел coiiMpond tu the netwesf -oiíegci; no соллес^юш 
u.ve made {¡oí toa (η hydAolui-tb; Cej and Tip iwxe Xubt Л т н д кцачо-
lyòu, and Hic wai not deteimnal 
The crude 39-peptides have not been pur i f ied fur ther , they were condens-
ed as such with the complementary heme-beanng peptide lactone (1-65) 
VI I I (cá Chapter 3, Scheme 1). The reactions were carried out in Tns -
HC1 buffer (0.1M, pH 7.2) in a simi lar way as described in Chapter 3, 
Section 3.3.4. 
Several attempts to unify fragment V I I I and the Glu7,,-analogue of se-
quence (66-104) have f a i l ed . Although the components formed a complex un-
der anaerobic conditions after the addition of sodium d i th ion i te , ev i -
dently no aminolysis took place. I t is assumed that in the complex the 
ava i lab i l i t y of the N-terminus in tne fragment containing glutamic acid 
in position 75, is strongly inpaired. On the other hand, the condensa-
tion of the lactone VI I I and the Lys75-analogue of fragment (66-104) 
could be realized under the conditions described by Ten Kortenaar (1983). 
The result ing Hse6'i,Lys7',-cytochrome с was isolated by gel f i l t r a t i o n on 
Sephadex G50 (Figure 2). 
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cgtodaiomi с on Szpha.-
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Final p u r i f i c a t i o n was achieved, following re-naturation in SMurea, by 
ion-exchange chromatography on CM-52 cel lu lose, using a l inear gradient 
of 0.02-0.2 M sodium phosphate buffer, pH 6.9 (Figure 3). The cytochrome 
с analogue was obtained in concentrated form by d i l u t i o n of the approp­
r iate fractions with water, to enable adsorption onto a small (0.5x0.5 
cm) CM-52 column, f i l t r a t i o n through th is column, and desorotion with 
0.2M sodium phosphate, pH 6.9. The ultimate y i e l d was rather low (6%), 
especially in comparison with the similar semisynthesis of [Hse6 5]-cy­
tochrome с The result of amino acid analysis of the analogue is given 
in Table 1. 
A 280 nm . 
Fig. 3 Pim^-ccotton ο<ί òemiiywthztid QÍ» 
Нлг
б5
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сМиЛоіг (0.6 χ /0 cm); eZutlon uuMi a 
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O.OÎ-O.IU [ІхЬО ml) at pH 6.9; (¡¿oui 
latí i milk 
О 50 
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4.4 Рыр^&Ы о^_Ніг15,Lt¡i75-cí¡tochAame с. 
The absorption spectra in the v is ib le region of the reduced and oxidized 
cytochrome с analogue are given in Figure 4. 
The v is ib le absorption spectrum of the f e r r i c form of th is analogue 
shows a normal Soret band at 409 nm, but the absorption maximum at 528 
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nm has been increased conspicuously in intensity; this absorption maxi­
mum has become even larger than the absorption maximum at 520 nm in the 
ferro form (Table 2). Moreover, the characteristic 695 nm band is not 
visible in this analogue. 
«Ю «50 520 5 « 560 580 680 700 
Wavelength in nm 
Fig. 4 Vii-Lbte abioiption ¿penila oft the oxidized (ju-M tine) ¡and reduc-
ed (btofeen ¡Une) Кіе^.іл/і^-сі/іссіілсчі' ci -in 0.2Міогішт plwiphafe 
ЬиЦел, pH 6.9 and II "С 
The absorption spectrum of the reduced analogue exhibits the Soret band 
at 418 nm; i t is red-shifted compared to the corresponding absorption 
maximum of the native protein (415.5 nm). The absorption maxima at 550 
nm and 520 nm are at normal posit ions. 
Table 2 COMPARISON 0Г SPECTRAL PROPERTIES 0\ HSE65,LVS75- AWP NATIVE 
C/TOCKROME с (IN 0. I'M SODIUM PHOSPHATE BUFFER. pH 6.9 ANP 
22 "С) 
Cytochrome с 
Hsebb,Lys 5-cytochronie с 
A 4 1 5 . s r e d 
"Ч0 9ОХ 
1.22 
0.86a 
A'.-Ored 
Α',ΡΘΟΧ 
2.47 
1.30 
A 5 2 0 r e d 
Α52Θ0Χ 
1.42 
0.93 
aRai<.o A ^ a ^ d Α^ο9(/χ 
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The most s t r i k i n g difference between the spectra and those of the native 
molecule (ca Chapter 1 , Section 1.1.2) is the r a t i o between the absorp­
t ion maxima of the Soret bands of the ferro and f e r r i c form (Table 2) . 
In the spectra of the analogue the absorption maximum of the Soret band 
of the f e r r i c form is higher than the corresponding maximum of the reduc­
ed form in contradist inct ion to the r a t i o found for the native form. 
The redox potential of the analogue, determined as described in the 
foregoing chapters, is below 100 mV. The value is rather inaccurate, 
since the employed f e r r i - f e r r o cyanide couple does not allow exact meas­
urements in th is range. 
The analogue when reduced by ascorbic acid can not tranfer i t s elec­
tron to cytochrome с oxidase; the auto-oxidation rate being as high as 
0.35 nmol 02/sec, under the used conditions (Ferguson-Miller, 1976). 
This auto-oxidation was independent of the concentration of the cyto­
chrome с analogue. Cytochrome с behaves normally under the same condi­
t ions. 
4.5 Vi*C4¿iÍqn 
The successful semisynthesis of the cytochrome с analogue described in 
th is chapter shows that the strategy developed by Boon (1981) (eó Chapter 1 , 
Section 1.2.3) can be used also for the semisynthesis of a cytochrome с 
analogue, in which an i n t e r n a l l y located hydrophobic amino acyl residue 
is substituted by a hydrophil ic lysine residue. The y i e l d of th is ana­
logue i s , however, very low (6%) compared to the y i e l d obtained with 
Hse6b-cytochrome с (30-40%). This may r e f l e c t some deteriorat ion of the 
structural i n t e g r i t y of the complex during the conformation-directed 
coupling due to the introduced subst i tut ion. 
The same phenomenon to a higher degree might explain the f a i l u r e of 
the last step in the semisynthesis of Hse65,Glu75-cytochrome с Proba­
b l y , the introduction of a glutamic acid derivative at position 75 of 
fragment (66-104) causes such a strong deviation of the native sequence, 
that the complementarity is i n s u f f i c i e n t to achieve an effect ive encoun­
ter of the residues 65 and 66 in the result ing complex. 
The s h i f t of the Soret band in the ferro form from 415.5 to 418 nm, 
the r a t i o of the absorption maxima of the Soret bands in the ferro and 
f e r r i c form, and the intensi ty of the 528 nm band present in the oxidiz­
ed form may be at t r ibuted to the disturbance of the hydrophobicity at 
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the bottom of the heme group, which is probably followed by an opening 
of the heme crevice. 
The disruption at the bottom of the heme crevice clearly affects the 
structure of the molecule, since the v i s i b l e absorption spectrum of 
Hse^.Lys^'-cytochrome с exhibits no 695 nm band, indicating the re­
placement of the methionine-80 sulfur atom as an iron ligand by another 
strong-f ie ld l igand, probably a nitrogenous base (Hettinger and Harbury, 
1964; Gupta and Koenig, 1971; Morton, 1973; Stellwagen et al, 1975). 
Smith and M i l l e t t (1980) suggested that in native cytochrome с at pH 
8.9-9.6 th is nitrogenous base might be either the side chain amino func­
t ion of Lys7 2 or Lys 7 9 . 
The increased hydrophil ic heme environment is probably also the cause 
of the very low value found for the redox potential of this analogue. 
This is in accordance with the findings of Margalit and Schejter, 1973). 
They found that a ligand substitut ion as mentioned above, paral lels a 
lowering of the redox potent ia l . 
The incapacity of th is analoaue to transfer electrons to cytochrome с 
oxidase must also be ascribed to these factors. However, the occurrence 
of auto-oxidation shows clearly that a cytochrome с analogue is formed, 
as the heme fragment (1-65) i t s e l f is not capable of holding an electron 
for some time in the presence of oxygen. 
I t can be concluded that the properties of the analogue described in 
th is chapter strongly deviate from the properties of native cytochro.ne c, 
indicating that the introduced substitut ion is connected with a serious 
change in the conformation of the analogue. I t seems that the mainten­
ance of the t e r t i a r y structure of the protein requires that at least a 
hydrophobic residue is present at posit ion 75. 
4.6 bx.2cnmi¿nta.t 
Fct addLticaal expeumentctf matliodb, sec Chaptei ΐ, Ssctivn 2.5 
Specific rotations were measured wi4n a Perkin-Elmer 241 Polarimeter. 
Melting points we'-e determined with a T o t t o l l i apparatus and are uncor­
rected. Amino acid compositions were determined as described in Chapter 
2, Section 2.5. Elemental analyses were carried out by Mr. J . Diersmann. 
Before analysis samples were dried *ii vacuo over P20b at 40-70 'C for 8 
hours. Column eluates were monitored with an LKB Uvicord S instrument. 
SephadexLH-20 gel was obtained from Pharmacia. 
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Thin layer chromatography (TLC) was performed on si l icagel-60 F254 plates 
(Merck). The fol lowing solvent systems were used to develop the plates: 
A. chloroform-methanol-acetic acid (95:20:3) 
B. butanol-acetic acid-water (4:1:1) 
С butanol-pyndine-acetic acid-water (4:1:1:2) 
D. chloroform-methanol (9:1) 
E. chloroform-methanol (96:4). 
In order to remove pyr id ine, plates developed with solvent system С were 
sprayed with a concentrated aimioma solution and heated subsequently at 
ca 100 0C. The compounds were detected by fluorescence quenching (aromat­
ic groups), the mnhydrin reagent (free amino groups), the TDM reagent 
(detection of NH-groups; Von Arx it al, 1976) or the Barton reagent (de­
tect ion of hydrazides, tyrosine and other reducing compounds). 
Hydrogénations were performed at room temperature and atmospheric 
pressure with palladium on charcoal (10%) as the catalyst . Isolat ion of 
the product from a condensation reaction according to the usual work-up 
procedure involved evaporation of the solvents -tn vacao at 30-40 0C, 
followed by par t i t ion ing of the residue between ethyl acetate and water. 
The organic layer was washed successively with 2 M KHSO ,^ water, 2 M KHCO3 
or 10% МагСОз, water and a saturated NaCl solution and then dried 
(NazSOJ. 
Boc 
l-Lyi-Pw-OBu* (3) 
Hydrogénation of Z-Pro-OBut (1) (2.3 g, 7.83 ninoles; prepared by the 
method of Anderson and Callahan, 1960) in methanol followed by removal 
of the catalyst by f i l t r a t i o n and evaporation of the solvent in vacuo 
at 20 0C gave H-Pro-OBut as a chromatographically homogeneous o i l . TLC: 
Rf = 0.34 (A), 0.40 (E). A solution of th is compound in DMF (20 ml) was 
treated with Z-Lys(Boc)-0NSu (2) (3.64 g, 7.60 mmoles; prepared by the 
method of Otsuka eí al, 1966). 
After 16 hours at room temperature the mixture was worked up accor-
ding to the usual procedure. Evaporation of the ethyl acetate gave the 
dipeptide derivat ive 3 as a homogeneous o i l (3.97 g, 9BÏ). [a] 2D0 = -59.2° 
(c= 1.18 in MeOH); TLC: R f=0.79 (A), 0.87 (B). 
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ßuf Вес 
2-Ttj\-Lifo-P\c-ÛBuf (5) 
Compound 3 (2.40 g , 4.50 mmoles) i n methanol (15 ml) was subjected to 
c a t a l y t i c hydrogénat ion . The mixture was f i l t e r e d . Concentrat ion o f the 
f i l t r a t e ¿и vacuo gave H-LystBocJ-Pro-OBut (1.37 g , 4.35 mmoles) as a 
c h r o m a t o g r a p h i c a l l y pure o i l . TLC: Rf = 0.28 ( A ) , 0.56 ( B ) . 
To a s o l u t i o n o f г - Т у г ( В и 1 ) - ^ Н з (4) (1.67 g , 4.35 mmoles; c& Boon, 1981) 
i n DMF (30 ml) a t - 30 0 C , 3.3NHC1 i n e t h y l a c e t a t e ( 3 . 9 m l , 12.9mmoles) 
was added, f o l l o w e d by t . b u t y l n i t r i t e (0.63 m l , 5.44 r imóles). 
A f t e r 30 minutes a t -25 0C the reac t i on m ix tu re was n e u t r a l i z e d w i t h 
DIPEA, and a s o l u t i o n o f H-Lys(Boc)-Pro-0But i n DMF (3 ml) was added 
s low ly w i t h s t i r r i n g . A f t e r 18 hours a t 4 0C the product was i s o l a t e d by 
the usual work-up procedure. Evaporat ion o f the e thy l aceta te provided 
an o i l , which s o l i d i f i e d on c o o l i n g . The product was r e c r y s t a l l i z e d from 
e t h y l a c e t a t e . Y i e l d : 2.91 g (89%); m.p . : 58-60 0C ( d e c ) ; [a] ^ = -34 .8° 
( c = 0 . 8 3 i n MeOH); TLC: R f = 0 . 8 9 ( A ) , 0.91 ( B ) , 0.83 (D) . Ana l ys i s : C, 
6 5 . 3 1 ; H, 7 .88 ; N, 7.43%. C j H e o M g (751.949) requ i res C, 65 .49 ; H, 
7 . 9 1 ; N. 7.45%. 
Вес Вес 
2-Lyi-L'iji-N2H3 (6) 
The d i p e p t i d e e s t e r Z-Lys(Boc)-Lys(Boc)-0Me ( 3 . 2 g , 5.14 mmoles; Schwyzer 
e-t aZ, 1961) was t r e a t e d w i t h hydrazine h y d r a t e (1.28 m l , 25.6 mmoles) 
i n methanol (30 ml) a t room temperature f o r 20 hours. Concentrat ion o f 
the r e a c t i o n m i x t u r e and a d d i t i o n o f water p r o v i d e d the hydrazide 6 , 
which c r y s t a l l i z e d from methanol-water ( 2 : 1 ) i n needles. Y i e l d : 2.91 g 
( 9 1 « ) ; m.p. : 108-111 0 C ; [ α ] 2 0 = -18.3° ( c = 1 . 1 4 i n MeOH); TLC: R f = 0 . 7 0 
( B ) , 0.54 ( D ) . A n a l y s i s : C. 5 7 . 7 9 ; H, 8 . 1 2 ; N, 13.55У.. СзоН5оМ6Ов 
(622.768) r e q u i r e s C, 5 7 . 8 5 ; H, 8.09; N, 13.50%. 
Бис Бос 6 u f Бос 
I I I I 
Z-Lijb-Lyi-Tiil-Lifo-Plc-OBut (7) 
Catalytic hydrogénation of 5 (1.8 g, 2.4 imoles) in methanol followed by 
removal of the catalyst by filtration and evaporation of the solvent 
gave Н-Туг(Ви^^у5(Вос)-Рго-0Ви* as a chromatographically pure oil. 
Yield: 1.30 g (87.5V). TLC: Rf = 0.48 (B). 
The hydrazide 6 (1.31 g, 2.1 mmoles) in dry DMF (8 ml) was cooled to 
-25 0C and then treated successively with 3.6 N HCl in ethyl acetate (1.6 
ml, 5.8 mmoles) and t.butyl nitrite (0.3 ml, 2.6 mmoles). 
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After 30 minutes at -25 0C the reaction mixture was neutralized with 
DIPEA and a solut ion of Н-Туг(Ви )-Іу5(Вос)-Рго-0Ви* in DMF (2 ml) was 
added. After 3 days at 4 0C the product was isolated by the usual work­
up procedure. Evaporation of the ethyl acetate provided an o i l , which 
couldbe crysta l l i zed from ethyl acetate. Y ield: 2.2 g (85%). Recrystal-
l i z a t i o n from acetoni t r i l e - w a t e r (9 1) gave Chromatograph!caily pure 7. 
Yield: 1.65 g (65%) ; m.p. : 166-167 0C; [α] 2D0 =-43.7° (с = 1.28 in MeOH) ; 
TLC: Rf=0.85 (A), 0.88 (B), 0.79 (D). Analysis: С, 61.90; H, 8.36; Ν, 
9.31%. С6зН100М 0 1 5 (1209.53) requires С, 62.56; Η, 8.33; Ν, 9.26%. Ami­
no acid analysis: Pro, 1.04; Туг, 0.98; Lys, 3.08. 
Mie Míe Mie 
ι I I 
Z-Lyi-Lyi Tyti-Lyi-P/w-OH (8) 
The pentapeptide 7 (185 mg, 0.15 mmoles) was dissolved in 90% aqueous 
TFA (2 ml) at -10 0C. After 1 hour at room temperature the result ing 
productwas precipitated with ether, washed successively with ethyl ac­
etate (twice) and ether, and dr ied. Yield: 160 mg (92%), TLC: Rf=0.07 
(В), 0.21 (С). The productwas dissolved in water (2 ml) and the pH of 
the solution was adjusted to 9.7 by the addition of DIPEA [10% solut ion 
in DMF). The solution was di luted with DMF (0.6ml) and a solution of Ms c-0NSu 
(121 mg, 0.46 mmoles) in DMF (0.6 ml) was then added within 2 mm, whi lst the pH 
was maintained at 8-8.5 by simultaneous in ject ion of a solution of DIPEA in DMF. 
The reaction mixture was s t i r r e d f o r 15 minutes and then poured into 
water (10 ml). The pH was readjusted to 8, and the solution was extrac­
ted three times with ethyl acetate. The pH was lowered to 1-2 by addi­
t ion of гМКНЗО^, whereupon an o i l was precipi tated. The product was 
extracted with ethyl acetate, and the aqueous phase was re-extracted 
with ethyl acetate. The combined extracts were washed with water u n t i l 
neutral and evaporated to give a syrup. Precipitat ion from methanol-di-
isopropyl ether gave pure 8 (104 mg, 60%). m.p.: 73 0C ( d e c ) ; [ α ] ? 0 = 
-29.5° (c = 0.21 in MeOH); TLC: Rf = 0.29 (A), 0.38 (B) Analysis: C, 
50.88; H, 6.41; N. 9.16% СзгНуе^ОгоЗз (1231 41) requires C, 50.72; H, 
6.38; N, 9.10%. Amino acid analysis: Pro, 0.98; Tyr, 1.09; Lys, 3.06. 
Mie Mie Mie Mie 
I I I I 
l-Lyi-Liji-Tyl Lyi-Pio-Gly-Thn-Lyi-N2H2Soc (10) 
The tr ipept ide derivative 9 (80 mg, 0.113 unióles) was dissolved in meth-
anol (4 ml) and hydroqenated for 2.5 hours in the presence of palladium 
on charcoal as the catalyst . The solution was f i l t e r e d and the solvent 
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was evaporated <r vacuo to give 9a as a clear syrup. Yield: 95t; TLC: 
Rf = 0.36 (B). The residue was dissolved in DMF (1.5 ml). The oentapep-
t ide derivative 8 (108 mg, 0.087 inmoles), HOBt (28 mg, O.lBmmoles) and, 
at 0 0C, DCC (20.6 mg, 0.10 mmoles) were added. The mixture was s t i r r e d 
in an ice bath for 1 hour and then 2 days at room temperature. The pre­
c ip i tated DCU was removed by f i l t r a t i o n , and the f i l t r a t e applied to a 
Seohadex LH-20 column (2.0x125 cm). 
Elution with DMF (flow rate 20 ml/h) and evaporation of the solvent 
from the relevant fractions provided on o i l . Dissolution in methanol 
and dropwise addition to ether gave 10 as an amorphous powder, which 
was collected by f i l t r a t i o n . Yield: 144 mg {93%); m.p.: 109 0C ( d e c ) ; 
[α12
Β
0
 = -34.8η ( с - 0 . 1 7 in MeOH) ; TLC: R f -0.19 (A), 0.38 (B). Amino 
acid analysis: Thr, 1.03; Pro, 0.97; Gly, 1.09; Tyr, 1.06; Lys, 4.11. 
AU с HÒC M<S С Mie 
Ыіс-Сіа-Ті!Ч-іги-СЫ-Аіп-Р>іо-іііі-іііі-Ту'і-и/і-Р>іо-СІу-Ткі-іу-і-Ы2Н2Бос (12) 
A solution of the hexapeptide derivative 11 (60 mg, 48.9 umoles) in DMF 
(0.7 ml) was treated at -20 0C with 3.4NHC1 in ethyl acetate (43.1
 μ 1 . 
147 umoles) and t .buty l n i t r i t e (7 μΐ, 61 umoles). The mixture was kept 
at -20 0C for 45 minutes, neutralized with DIPEA, and added to a chi l led 
solution of 10a, obtained by cata lyt ic hydrogenolysis of 10 (75.1 mg, 
41.8 umoles) in 90* aqueous acetic acid (3 ml) followed by f i l t r a t i o n , 
evaporation, and dissolution of the residue in DMF (0.3 ml) (TLC 10a: 
Rf = 0.18(B)). After 2 days at 4 0C the product was orecipitated with 
ether and washed successively with ethyl acetate (twice) and ether. 
For p u r i f i c a t i o n the crude product was dissolved in the upper phase 
of the solvent system n.butanol-acetic acid-water (13.5:1.5:15), and 
subjected to counter current d i s t r i b u t i o n in th is system for a tota l 
of 240 transfers. The chromatographically homogeneous material , present 
in tubes 184-218 (10 ml per tube) was combined, and the solvents were 
evaporated -in vacuo. The residue was dissolved in a small amount of 
methanol (2 ml) and added dropwise to ether (30 ml) Col lect ion of the 
result ing precipitate by centri fugati on and washing with ether provided 
pure 12 (82 mg, 74%); m.p.: 77 0C ( s o f t ) , 168 0C ( d e c ) ; [α| ^ =-51.7° 
(c = 0.43 in MeOH); TLC: Rf = 0.17 (B), 0.51 (C). Amino acid analysis: 
Asp, 0.98; Thr, 0.99; Glu, 2.03; Pro, 2.08; Gly, 1.07; Leu, 1.06; Tyr, 
1.95; Lys, 4.08. 
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Ba-t öBu-t 
Z-Tyi-Gtu-OMe. (17) 
Z-Tyr(But)-N2H3 (4) (1.2 g. 3.1 mmoles) in DMF (10 ml) was cooled to 
-30 0C and then treated successively with 3.0 N HCl in ethyl acetate 
(2 85 ml, 8 5 mmoles) and t .buty l n i t r i t e (0 47 ml , 3.9 mmoles). The 
mixture was s t i r red for 30 minutes at -30 0C and then neutralized with 
DIPEA. The solution of the azide was combined with H-Glu(0But)-0Me (16), 
freshly prepared by cata ly t ic hydrogénation of Z-GluiOButj-OMe (1.2 g, 
3.42 mmoles) in methanol-acetic acid (1 :1) , in DMF (5 ml ). When necessary the 
pH was adjusted to approximately 7, and the solution was l e f t at 0 0C 
for 24 hours. Work-up by the usual procedure provided the product as an 
o i l af ter evaporation of the ethyl acetate. Yield- 1.54 g (87%); TLC· 
Rf=0.82 (A), 0.83 (D). 
Bui OBu-t 
Z-Tyn-Gtù W2K3 (18) 
Compound V (1.1 g, 1.9 mmoles) was dissolved in MeOH (10 ml) and t rea t -
ed with hydrazine hydrate (0.46 ml, 9.5 nmoles) at room temperature for 
4 days. The mixture was concentrated ¿w vacuo and the residue was crys-
ta l l i zed from methanol-water ( 1 : 1 , v /v ) . The hydrazide 18 was collected 
by f i l t r a t i o n , washed with methanol, ether, and dr ied. Yield: 0.93 g 
(85%); m. ρ 144-145 0C; [α] 2D0 = -8.7° (с = 1 in MeOH), TLC R f = 0 . 8 1 ( B ) , 
0.55 (D). Analysis: C, 61.32; H, 7.18, N, 9.51%. СзоНц2О ^ (586.684) 
requires C, 61.42, H, 7.22; N. 9.55%. 
toe 
Z-Pno-Giy-ThA-Lyò N2H2Boc (14) 
Compound 9a (1 2 g, 2.1 nmoles) was dissolved in DMF (10 ml) and Z-Pro-
ONSu (13) (Anderson e-t <U, 1964) (0.73 g, 2.1 nmoles) was added After 
18 hours the solvent was evaporated and the residue was part i t ioned be-
tween n-butanol and water. The organic layer was washed successi vely with 
2 N KHSOu ( twice), water, 2NKHCO3 (twice) and water Evaporation of the 
organic layer gave 14 as an o i l , which was crysta l l ized from methanol 
Yield: 1.41 g (84%); m.p.: 118-120 0C; [a] 2D0 =-42.8° (с = 1 10 in MeOH), 
TLC· R f =0.53 (A), 0.56 (B). Analysis· C, 50.93; H, 6.72, N, 12 18%. 
CauHbsOnNyS (799.898) requires C, 51.05; H, 6.68, N, 12.26% 
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Би* Оби'' Mie 
Z-T'4-1-GZu-Plo-GÌtj-Tlil-Lyb-N2H?Bcc (19) 
The c a t a l y t i c hydrogénat ion o f 14 (1.28 g , 1.60 mmoles) i n methanol was 
complete w i t h i n 1 h. The r e s u l t i n g s o l u t i o n was f i l t e r e d and the s o l v -
ent was evaporated <ii vacuo to g ive H-Pro-Gly-Thr-Lys(Msc)-N2H2Boc as an 
o i l , which appeared as a s i ng le spot on TLC [Rf = 0.05 ( A ) , 0.18 (B)] . 
To a s o l u t i o n o f 18 (0 .91 g , 1.6 mmoles) i n DMF (10 ml) a t -30 0 C , 
3.6 N HCl i n e thy l ace ta te (1.22 m l , 4 .4 mmoles) was added, fo l l owed by 
t . b u t y l n i t r i t e (0.23 m l , 2 mmoles). The mix tu re was s t i r r e d at -30 0C 
f o r 40 m inu tes , and subsequently n e u t r a l i z e d w i t h DIPEA. A s o l u t i o n o f 
H-Pro-Gly-Thr-Lys(Msc)-N2H2Boc (1.60 mmoles) i n DMF (3 ml) was added 
s l o w l y . A f t e r 2 days a t 4 0C the r eac t i on m ix tu re was evaporated to d ry -
ness -in vacuo and the res idua l suryp was d i sso lved i n e thy l aceta te and 
processed as usual to g ive a pale ye l l ow o i l , which could be p r e c i p i t a -
ted from methano l -d ie thy l e the r . Y i e l d : 1.62 g ( 8 4 ; ) ; m.p. : 107-116 0 C ; 
[<i]2D0 = -Z5 .3 o (c = 1.10 inMe0H);TLC: R f = 0.65 ( A ) , 0.70 ( В ) . A n a l y s i s : 
С, 5 5 . 4 8 ; H, 7 . 0 2 ; Ν, 10.20% С
Ь(.Н І 1 0 1 8 М 9 5 (1203.397) r e q u i r e s С, 5 5 . 8 9 ; 
Η, 7 . 0 4 ; Ν, 10.48%. Amino a c i d a n a l y s i s : T h r , 1.00; G l u , 0 . 9 6 ; P r o , 1.05; 
G l y , 1.07; T y r , 0 . 9 1 ; Lys, 1 . 0 1 . 
Mie íisс 
Z-Li/j-L(yí-N?H3.TFA (20) 
Z-Lys-(Msc)-Lys(Msc)-N2H2Boc (15) (2.59 g , 3.15 mmoles; prepared by the 
method o f Ten Kor tenaar , 1983) was d i sso lved i n neat TFA at -10 CC w i t h 
s t i r r i n g . A f t e r 60 minutes a t room temperature compound 20 was i s o l a t e d 
by p r e c i p i t a t i o n w i t h e t h e r , d r i ed л'и vacuo above K0H and used w i t h o u t 
f u r t h e r p u r i f i c a t i o n . 
HÒC Alie Bu* OBu-t Мое 
Z-Lyi-Liji-lijl-Gtu-Plo-Glij-Tii>i-Lyi-H?H2Boc (21) 
Hydrogénation o f 19 (0.96 g , 0.8 mmoles) i n methanol gave compound 19a 
a f t e r removal o f the c a t a l y s t by f i l t r a t i o n and evaporat ion o f the s o l v -
e n t . Y i e l d : 0.77 g (90%); TLC: R f = 0.11 ( A ) , 0.25 (B ) . 
The hydrazide 20 (825 mg, 1 rimole) i n dry DMF (6 ml) was t r ea ted a t 
-20 0C w i t h 3.3NHC1 i n e thy l aceta te (0.85 m l , 2.8 nmoles) and t . b u t y l 
n i t r i t e (143 u l , 1.25 m o l e s ) . The s o l u t i o n was s t i r r e d at -15 0C f o r 
30 minutes and n e u t r a l i z e d by the a d d i t i o n o f DIPEA. A c h i l l e d s o l u t i o n 
o f 19a (0.77 g , 0.72 mmoles) i n DMF (2 ml) was then added. The s o l u t i o n 
was l e f t at 4 0C f o r 2 days. The reac t i on m ix tu re was then app l ied to a 
Sephadex LH-20 column (2.0x125 cm), which was equi l ibrated and eluted 
with [)MF(20ml/h). Evaporation of the solvent from the relevant frac­
tions provided an o i l . Dissolution in methanol and dropwise addition to 
diethyl ether gave compound 21 as an amorphous powder, which was col lec­
ted by f i l t r a t i o n . Yield: 882 mg ( 6 « ) ; m p.: 133-136 °C ( d e c ) ; [о] ^ 0 = 
-28.0° (c=1.0 in MeOH); TLC: Rf = 0 52 (A), 0.51 (B). Amino acid analys­
is Thr, 1.00; Glu, 1.00; Pro, 1.10, Gly, 1 06, Tyr. 0 99; Lys, 3 03. 
Mie Mie Bu-t OBu* Mie 
Міс-віи-Гух-іш.-СЫ-Аіп-Ріо-іуі-іуі-Ту>і-Сіа-Рпо-виі-Пл.-Іуі-П2И2Вос (22) 
The preparation of th is compound from compound 11 and compound 21 and 
i t s subsequent p u r i f i c a t i o n were achieved as described above for com­
pound 12. Yield: 66%; m.p.. 119-124 0C ( d e c ) , [ a ] 2 ( ) = -45 I o ( c = 1 . 0 in 
Me0H);TLC: R f =0.31 (B), 0.60 (C). Amino acid analysis Asp, 1.07; Thr, 
0.95; Glu, 3.03; Pro, 1.94, Gly, 0.97, Leu, 1.06, Tyr, 1.96; Lys, 3.00. 
SynthíiU o(¡ thz Lyi7S- and G£u75 166-104) ¿equencei 
The (66-79)-tetradecapeptide derivatives 12 and 22 (7 0 pmoles) were 
pa r t i a l l y deprotected by treatment with 905. TFA for 10 minutes at -10 0C 
and 50 minutes at room temperature. The resul t ing products were isolated 
by evaporation of the acid in a stream of nitrogen Dissolution of the 
residues in neat TFA followed by evaporation of the acid and drying over 
KOH provided the deprotected hydrazides as TFA sal ts 
The hydrazides were dissolved in DMF (0.3 ml) and treated with dry HCl 
in ethyl acetate (17 gl of a 3.2 N solut ion, 55 ymoles) at -20 °C. t .But-
y l n i t r i t e (10 yl of a 10% (v/v) solution in DMF, 8.75 ymoles) was added 
and the solution was kept at -15 0C for 25 minutes, then cooled to-30 CC 
and neutralized with DIPEA (10% solution in DMF). The solutions of the 
azides were added to a neutralized solution of H-(80-104)Mscr-0H (5 
ymoles) in DMF (0.3 ml) . After 4 days at 4 0C the reaction mixtures were 
worked up by precip i tat ion with ether, centr i fugat ion and washings with 
ethyl acetate and ether. 
The residues were dissolved in 3 ml DMS0 and MeOH (1 ml) was added. 
The Msc-groups were removed by the addition of 4 NNaOH (0.25 ml) under 
vigorous agitat ion for 45 seconds, followed by neutral izat ion with acet-
ic acid The crude products were precipitated by the addition of ethyl 
acetate. The sediments were dissolved in 7% (v/v) aqueous formic acid 
and applied to a Sephadex G50 column (2.3x130 cm) which was equi l ibra-
ted and eluted with the same solvent (Figure 1). 
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The desired products were recovered by lyophi l izat ion of the appropriate 
f ract ions. The yields amounted to 32% for the Lys7 5 - , and 23% for the 
Glu75-analogue. 
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SAMFNVATTING 
In dit proefschrift wordt de semisynthese van een aantal cytochraom с 
analoga beschreven, die zowel op covalente als niet-covalente wijze 
samengesteld zijn uit een aantal fragmenten. 
De doelstelling van dit proefschrift is het bestuderen van de 
funktie van een arfntal zeer geconserveerde of invariante aminozuur 
resten in cytochroom c. 
In het eerste hoofdstuk wordt een Lamenvatting gegeven van hetgeen 
nver de struktuur, dn funktie en het werkirgsmechdnisne van cyto­
chroom с bekend is. In dit hoofdstuk wordt tevens een gedetailleerd 
overzicht gegeven van dat wat bekend is over de semisynthese van 
analoga van cytochroom с Aan het slot van dit hoofdstuk is aange­
geven welke variaties in de natieve seduentie zijn aangebracht. 
In hoofdbtuk 2 wordt de niet-covalente semisynthese van vier 
cytochroom с complexen beschreven, die onderling verschillen in de 
wijze waarop positie 38 (ArgJ bezet is. Ma splitsing van Msc-beschermd 
cytochroom с met trypsine kunnen twee fragmenten geïsoleerd worden, 
nl. de fragmenten (1-38) en (39-104). Behandeling van het eerstgenoemde 
fragment npt carboxypeptidase D leidt tot het fragment (1-37). Acyle-
ring van het tweede fragment met een arginine derivaat levert het 
fragment (38-104). 'Ma ontscherming kunnen uit deze vier fragmenten 
vier conplexen verkregen worden, nl. (1-38): 139-104); (1-37):(39-104); 
(1-37):(38-104) en (1-38):(38-104). In deze rcmplexen komt Arg voor 
in het amino-eindotendige of carboxyl-eindstdnJige deel, in beide nf 
in geen van beide. 
Uit de eigenschappen van de complexen blijkt dat de redox poten-
tiaal aanzienlijk hoger is als het arginine residu in tiet. tweede 
fragment voorkomt. Deze complexen vertonen een sterke binding met 
het cytoenroom с oxidase (vergelijkbaar met die van natinf cytochroor 
c), terwijl de complexen waarin de arginine rest afwezig is, of aan­
wezig in het perste fragment, een sterk verminderde affiniteit ts zien 
geven. 
Uit de NUR soektra van de eerste twee complexen blijkt dat de 
afwijkingen in fysische eigcnschapppn toegesch^evon runnen worden aan 
een verstoring van de struktuur van wat men bij On Rö-апаіуье gpwoor 
is te beschrijven met de 'onderkant' van het eiwit. 
Hoofdstuk 3 handelt over de senisynthese van covalente cvtoc'-rcon с 
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analoga w-urln de positie BI (Isolejwine) is gemodificeerd, fcclrran degra-
datie van KBt door cyanogeen bromide degradatie verkregen beschermde 
fragment iai-104) leidt tot het fragment (82-104), waarin de hydrofobr 
isoleücine rest op plaats B1 verwilderd is. Acylenng van dit fragment 
met andere amino/urcn zoals leu ine, vali ie of alanine en vervolgens 
verlenging net methionine en een L.ynthätisch verkregen derivaat van de 
S30ijant_e (66-73) geeft semisynthetische analoga vdn het fragment 
(Ь6-П4). Een conformatle gestuurde kopoeling van de aldus verkregen 
en vervolgens ontschermde peptiden met het geisoleorde fragment (1-65) 
(een lacton) geeft semisynthet4c-.he cytochrocn с analoga net substituties 
op plaats 65 en 81. 
Van de verkregen produktpn ziin de absorptie чрекіга en redox poten­
tialen bepaald, benevens hun funktie als elektronen overdragers naar 
cytochroom o oxidase. Hieruit werd gevonden dat de vervanging van de 
isoleücine rest door kleinere hydrofobe aminozuur resten niet gepaard 
gaat met een noemenswaardige verandering van deze eigenschappen. Hieruit 
blijkt dat de isoleücine rest niet essentieel is voor de overdracht van 
elektronen tussen het cytochroom с en zijn redox partners, zoals door 
anderen verondersteld werd. 
De synthese van ern analogon, waarin het hydrofobe aminozuur residu 
isoleücine op plaats 75 vervangen is door de hydrofiele aminozjur rest 
lysine, wordt beschreven in hoofdstuk 4. Dit analogon vertoont eigen-
schappen die sterk van het natieve cytochroom с afwijken, waarbij een 
zeer lage waarde voor de redox potentiaal (minder dan 100 mV) en een 
sterk afwijkend absorptie spektrum in het zichtbare gebied m het oog 
springer. Waarschijnlijk zijn deze afwijkende eigenschappen toe te schrij­
ven aan een ernstige verstoring van de hydrofobe omgeving van de linker­
onderkant van de haem groep. Het analogon draagt geen elektronen over aan 
cytochroom с oxidase. Dit wijst op ее^ bel-ar grijke verstoring van de na-
tievs cor formatie in dit analogon, die alhoewel covalent gekoppeld toch 
sterk afwijkt van de eerder genoemde complexen. 
Een poging on de isoleücine rest op plaats 75 dnor het evo-eens hydro-
fiele glutamine zuur te vervangen faalde, omdat oe conformatle gestuurde 
koppeling van het [1-65) fragment en het Glu -(66-104) fragment geen co-
valent gejorden produkt oplevert, hopwel de fragment wel complexeien. 
Overigens verloopt deze laatste stap m de synthese van het Lvs -analo-
gon ook met een veel lagar rendenent dan bi] Hse -cytochroom с zelf. 
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APPENDIX 
AbbreviGtiors 
Standard abbreviations for amino acid residues are those rpconmended 
by the IUPAC-IUB Comrission on Biorhemical Nomenclature, Cur. J. 
aiochem. 11984) 138, 9-J7. 
List of other abbreviations. 
Ac 
Boc 
en 
COSY 
DCC 
•CU 
DE 
dec 
DIPEA 
DMF 
onso 
FDNB 
HOBt 
HDPfp 
Hse 
Use 
NMR 
NOE 
NOESt 
OBu1 
ONSu 
DPfp 
Pd,C 
ppm 
Rf 
TFA 
TMPD 
Tr-iS 
Ζ 
acetyl 
t.butyloxycarbonyl 
carboxymethyl 
2D J-correlated spectroscopy 
N,N'-dicyclohexylcarbodiimide 
N,N'-dicyclohexylurea 
diethylaminoethyl 
decomposes 
diisopropylethylamine 
N,N-dimethylformamide 
dimethylsuIfoxide 
1-f1иого-2,4-гііпіігоЬеп7епе 
l-hydroxybenzotnazole 
pentafluorophenol 
homoserine 
2- (methylsulphonyDethyloxycarbonyl 
nuclear magnetic resonance 
2D nuclear Overhauser enhancempnt 
2D nuclear Overhauser ennancement spectroscopy 
t.butyloxy 
succinlmido-олу 
pentafluorophenyloxy 
palladium (10%) on activated charcoal 
parts per million 
relative mobility 
tn-^luoroacetic acid 
Ν,Ν,Ν',N'-tetramethyl-para-phenylenediamine 
tris(hydroxympthy1 laminómethane 
bpnzyloxycarbonyl 
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STELLINGEN 
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II 
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Sinha, N.D., Biernat, J., McHanus, J. and Koster, H. (1984) Nucl. 
Acids Res. 72, 4539-4557. 
Ill 
Dat tijdens de afsplitsing van de dooi Kunz en Schaumlöffel voorgestelde 
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Kunz, H. (19/6) Chem. Ber. 109, 2670-2683. 
IV 
De door Sproat en Brown ontwikkelde methode voor de synthese van oligo-
deoxynucleotiden via vaste dragers wordt door hen op een principieel 
onjuiste wijze vergeleken met een reeds bestaande methode: er wordt nl. 
een vergelijking met twee onbekenden gepresenteerd. 
Sproat, B.S. and Brown, D.M. (1985) Nucl. Acids Res. 13, 2979-2967. 
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De interpretatie die Poulos en Kraut geven нп de funktie van de iso-
leucyl rest op plaats 81 in cytochroom с is dan twijfel onderhevig. 
Poulos, T.L. and <raut, J. (1980) J. Biol. Lheni. 2Í5, 10Э22-103ЭО. 
Dit proefschrift. 
VI 
Het deer Flynn en Ash beschreven experiment, waarin ribosomen van 
E^ . coli met een tritium gelabeld sparsomycine derivaat wor.jen gein-
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114, W . 
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(1985) Tetrahedron 41, 3625-3631. 
VIII 
Bij het aanhalen van sommige publikaties rechtvaardigt de hechte 
samenwerking van verschillende werkgroepen de uitdrukking 'et al1 < 
Muchowski, J.M., Unger, S.H., Ackrell, J.. Cheung, P., Cooper, G.F., 
Cook. J., Gallegra, P., Halpern, 0., Koehler, R., Kluge, A.F., Van 
Hom, A.R., Antonio, Y., Carpio, H., Franco, F., Galeazzi, E., Garcia, 
1., Greenhouse, R., Guzman, Α., Iriarte, J., Leon, Α., Pena, Α., 
Perez, V., Valdéz, D., Ackerman, N.. Bailaron, S.A., Krishna Murthy, 
D.V., Rovito, J.R., Tomolonis, A.J., Young, J.M. and Rooks II, W.H. 
(1985) J. Med. Chem. 28. 1037-1049. 
IX 
•e drang tot publiceren leidt vaak tot onzorgvuldigheden. 
Hans Boots 
Nijmegen, 27 februari 1986 


